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INTRODUCTION 

A LITTLE boy of seven was playing with a model railway 
truck. After a while he grew tired of dragging it about the 
floor and resolved to try an experiment. He took a candle and 
stood it in the middle of the truck. Then, quite contrary to 
regulations, he struck a match and lit the candle. He waited 
for a long time staring intently at the candle burning in the 
truck. Then he heaved a deep sigh, blew out the candle and 
walked sadly away. The experiment had failed. He realized,, 
as he told me many years later, that something important had 
been omitted. 

That little boy is now a well-known scientist. In the inter- 
vening years he has doubtless solved the problem that worried 
him as a child, the problem of how a fire can drive a locomotive, 
of how heat can become work. 

Not many grown persons would put a lighted candle in a 
railway truck and expect it to move. Everyone will smile 
knowingly and a little contemptuously at that little boy's 
experiment, an experiment that everybody knows was doomed 
to failure. Everyone has solved this problem to his or her 
satisfaction, but they have gone many different ways about it. 
A few have become students of physics or engineering. They 
have delved into the mysteries of a theory called thermo- 
dynamics, have learned to write down and solve long and 
complicated mathematical equations and have become pro- 
ficient in understanding and expounding the basic conceptions 
of modern science. Others have become engine drivers and 
operators of power machinery. They may not know the 
equations and they may be weak in basic principles, but they 
know how engines work. Their steam engines, Diesel engines 
and turbines have become a part of themselves. They under- 
stand all their little tricks and fads; they can keep them in 
healthy condition and doctor them back to life again when they 
are sick, and they will often have the laugh over the scientists and 
theoreticians who think they know everything but who would 
never have known that what was wrong was just that little spigot. 
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Others again have taken a short cut to engines and machines. 
They just use them. As a rule all goes smoothly. Cars are 
pretty fool-proof nowadays. And if something does go wrong, 
we take the old bus round to the garage and get her put right. 
These people are quite happy if they know all the technical 
terms. They can talk glibly about differentials and carburettors, 
batteries and sparking-plugs. But don't embarrass them by 
asking difficult questions. They know which lever to pull and 
which pedal to tread on and are content to leave it at that. 
By pressing the accelerator they can turn heat into work. 
They are the lords of the earth. Let's go for a spin. 

And finally there are the others, for whom I have the 
deepest feeling and solicitude, who have solved the problem 
by a stroke of genius, by just taking the solution for granted; 
people for whom trains, cars, wireless and aeroplanes are just 
ordinary, commonplace parts of their existence, who have 
never thought about them, never worried about them, never 
realized that there was anything to think or wonder about. 
There are many, many thousands of such people here in our 
enlightened country. Nothing surprises them and nothing 
rouses their curiosity. They just take everything for granted. 

This book is not written for the first set of people, the 
scientists and theoretical engineers. They have plenty of books 
already, and technical journals and scientific pamphlets and 
monographs. If they want to read it, there is nothing to stop 
them; and if they throw it away and say "We know all this", 
well, that is their affair. But all the others, the engine drivers 
and machine operators, the owner-occupiers of cars and motor 
bikes and the plain riders in trains, trams and buses, yes, and 
also all those who take it all for granted are cordially invited 
to peruse these pages and cull therefrom any matters of 
interest and amusement they may find there. 

I have tried to show in this book what power is and the part 
it plays in our lives. To do this, I have had to discuss the 
connection between 'power' and 'work' and to show how the 
various kinds of work that most people do for a living have 
been summed up in a single word 'work' with a clear scientific 
meaning (Chapter 1). The next step (Chapter 2) is to find out 
what part machinery plays in enabling us to do 'work' which 
we could not do otherwise. Having cleared up this point, we 
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can go forward in Chapter 3 to find that 'power', the ability 
to do a certain amount of work in a certain time, is vested in 
various features of the world in which we live. These main 
sources of power water, coal and oil are discussed more 
fully in the subsequent Chapters 4-6 and a few others are just 
mentioned briefly as they do not play an important part in 
our power budget to-day. Chapter 7 deals with electricity 
and describes its role as a conveyor of power from the producer 
to the consumer. In the next two chapters we find our way 
back to the little boy with the candle. After reading this we 
can tell him exactly what he had left out in his experiment, 
and what he ought to have done to make the candle drive 
the truck. Finally, in Chapter 10 an attempt is made to sum 
up the net effect of power on our civilization. 

Most of us when we leave school and go out into the big, 
bad world know very little of these things. We are taught to 
laugh at King Alfred burning the cakes and at King Canute's 
attempt to hold up the sea, but for all they tell us about tidal 
power and the carbonization of flour, we might happily make 
the same mistakes ourselves ; and many of us do in after life. 
It takes a long time for a new civilization to penetrate into 
school text-books and our school-room world fits us rather 
for life in the Middle Ages than for modern times. For, whether 
we like it or not, we live in an age of * power', and in a world 
of engines. And if we are different from grandpa and grandma, 
and if our kiddies are different from us, it is because of this 
changing world around us. Let us then face up to this world 
and look it fairly in the face. It is not a bad world in spite of 
many defects and shortcomings and if we understand it better 
we shall be able to improve it. Let us neither fear nor ignore 
the power that we have wrested from nature, but rather let 
us wield it proudly to our benefit and to that of our successors. 




Chapter One 



WORK AND FORCE 



BETWEEN the hours of 6 and 9 in the morning, a large 
number of men and women mount the buses, trams and 
underground railways of London and other cities. They all 
have set expressions on their faces and they are all in a hurry. 
Yet they are people of every type: young and old, male and 
female, smart and shabby; generally speaking, the later the 
smarter, but even that simple rule has its exceptions. If you 
ask these people where they are going, they will, with different 
accents and, perhaps, with different wording, all say the same 
thing: they are going to work. It would appear that they have 
this one thing in common in spite of all their differences. 

What is work? A stupid question, perhaps, and a very 
difficult one to answer. Apparently any activity which will 
provide a living, from coal-cutting to fortune-telling. Why do 
all these different activities earn people livings? Evidently 
because they satisfy some needs of some people. Fortune- 
telling would not provide a living unless there were a con- 
siderable number of people who wanted their fortunes told. 
Coal-cutting would not yield a living if no one wanted coal. 
Clearly work must be activity satisfying some social require- 
ments. And at that we can leave it. To take the matter further 
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MAKING ARRANGEMENTS FOR WORK TO BE DONE 

"... very many almost incommensurable activities are called work 

and draw pay-packets " 

would mean embarking on the fields of economics, sociology 
and politics. 

To-day it is a difficult task to find the common factor in all 
the people going to work in the morning. Even in the factories, 
the traditional seats of manual labour, very many almost in- 
commensurable activities are called work and draw pay-packets. 
A couple of centuries ago it was not quite so difficult. Then 
for most people, men, women and children, work was some- 
thing much more clearly defined. It meant a great deal of 
sweat and muscle and strenuous physical exertion. It meant 
dragging and pushing loads, lifting weights, cutting, sawing 
and tearing materials, setting heavy things in motion and 
bringing them to rest. This was what most people in our 
country were doing, from the farm labourer to the factory 
worker, with the exception of a comparatively small section of 
pen-pushers and a still smaller section of supervisors. To 
almost everyone in those days, work was the employment of 
force to the objects of nature. 
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Force is a vague and general term used to describe actions 
which tire our muscles and produce certain sensations of 
exertion and fatigue. We have a natural tendency to project 
the idea of force onto the objects with which we are dealing. 
We say, for instance, when we use force to lift a heavy weight, 
that we are 'overcoming the force of gravity'. We notice that 
force is required to set a heavy body in motion or to stop it 
moving, and we say that things have a natural force of 
* inertia', a tendency, when they are at rest, not to move, and 
when they are moving, to keep on moving. This habit of 
imbuing nature with 'forces' is quite useful, as long as we are 
clear what we are doing. It enables us to know what nature 
is going to do and what we can do to get a desired result from 
nature. But we must never forget where the idea of force 
comes from, that it is based on our observations of our own 
feelings when we exert our human muscles. There is always 
the danger that we may go too far in projecting our own 
characteristics into the rest of nature and start talking about 
the desires, aims and thoughts of 'Nature'. 

Work in the bad old days was closely associated with the 
exertion of force, the lifting of weights and the dragging of 
loads. But work even then was not only force. A bricklayer's 
mate experiences a feeling of exertion when he carries a load 
of bricks onto the first floor of a house; but he feels a far 
greater exertion when he has to carry them up to the fourth 
floor. He will say in the latter case that he has 'done more 
work'. In the same way, a navvy who has pushed a load of 
earth for a mile in a barrow will claim that he has done more 
work than one who has pushed the same load for a hundred 
yards. So somehow or other the idea of distance comes into 
what people mean by work. The scientists and engineers trans- 
lated the feelings and wage-claims of the navvy and bricklayer 
in the following way : work, they said, means exerting a force 
over a certain distance. The greater the force and the greater 
the distance the greater the work. Work, they suggested, shall 
be defined as the product of force and distance. 

Distance can easily be measured in yards, feet or inches, 
and all forces can be compared with the help of weights and 
measured in pounds. A man who has lifted a 1 Ib. weight 
1 foot has 'worked' to the tune of 1 foot-pound. If he has 
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lifted 50 Ib. by 30 ft., he has done 1,500 foot-pounds of 
work. 

If we are asked who can do more work, a man, or a horse, 
we are strongly inclined to put our money on the horse. But 
there is a snag in this question. A horse lives for about 12 years 
and a man for about 80, and it may well be that, in the course 
of his life, a man does more work than a horse, though it 
takes him longer to do it. Clearly, if work is to earn us a 
living, we must consider the time factor too. When a man is 
paid time-rates, he is assumed to be doing a certain amount 
of work per hour. When he is paid piece-rates, he is naturally 
interested, not only in the number of parts he can turn out, 
but in the time it takes him to turn them out. Work done 
in a certain time is called power; it can be measured in 
foot-pounds per second and is defined as force times distance 
divided by time. Since distance divided by time is known 
as speed or velocity, power can also be defined as force times 
speed. 

When we speak of the power of a motor or engine, we gener- 
ally mean the amount of work it can do in a given time. 
Used in this sense the word power as a technical term means 
very much the same as what we mean when we use it in 
ordinary conversation. 

It is usual to measure power in Horse Power, a unit invented 
by James Watt when he wanted to sell his steam-engine to 
fanners. He found out the amount of work that an average 
horse can do in an hour and multiplied it by 1 for safety. 
In this way, when he claimed that his machine was the equival- 
ent of two horses, there was no danger of the farmer coining 
back on him and saying that his horses were stronger. Fanners 
are known to have a bias in favour of their own horses. In 
this way a Horse Power was defined as 550 foot-pounds per 
second. If horses have not changed in the last 150 years, 
which they probably have, we can assume that the power of 
an average horse is of 550 or 367 foot-pounds per second. 
It is usually claimed that a horse is as strong as 7 men. If 
this is true, we can take it that the average man has a power of 
52*4 foot-pounds per second. As a rough approximation we 
shall assume in the following that the power of a man is 
50 foot-pounds per second. 
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A few illustrations will bring out clearly the idea of 'man- 
power' and also show why the conception of 'work' has 
changed so much in the last two centuries. 

I enjoy climbing mountains. I am not a rock climber, but 
derive inexhaustible pleasure from scrambling up steep paths 
onto high peaks and passes. I used to boast that, in the course 
of a day's climbing, I could gain height, on the average, at 
the rate of 1,000 feet per hour. Can this have been true? 



"/ COULD PULL UP THOSE 

MICKS IN LESS THAN HALF 

A MINUTE " 




There are, of course, many kinds of 'work' involved in 
climbing mountains apart from just overcoming the force of 
gravity. But let us assume for the moment that they can be 
neglected in comparison. I weigh about 10 stone or 140 Ib. 
My kit probably weighed another 30 Ib. I thus had to lift a 
weight of 170 Ib. My assertion therefore amounted to saying 
that I could do work at the rate of 170,000 foot-pounds per 
hour. There are 3,600 seconds in an hour. So this would 
amount to 170,000/3,600 47 foot-pounds per second. This 
is just less than 50 foot-pounds per second, which we have 
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called a man-power. So it seems that my claim may have been 
somewhere about correct. 

Now let us take another example. A load of bricks is being 
lifted to the third floor of a building with the help of a pulley 
fixed to the scaffolding. It is not a block and tackle but just 
an ordinary pulley, and the load is drawn up by a man stand- 
ing on the ground and pulling the rope. Suppose the load of 
bricks weighs 50 Ib. and that the height is 30 feet. If a man- 
power is 50 foot-pounds per second, this means that a man 
can lift 50 Ib. 1 foot in 1 second. So he should be able to lift 
50 Ib. 30 ft. in 30 sec. "Of course," everyone will say, "I 
could pull up those bricks in less than half a minute! 9 ' Just 
like James Watt's farmer! And it is probably true. But re- 
member that 50 foot-pounds per second is reckoned to be the 
average power of a man over a long period. The load of bricks 
has to be lifted, not once, but again and again, for an hour, 
for a full 8-hour shift, or even longer, for shifts were 10 and 
12 hours in Watt's time. You must do it without stopping, 
without a break, all the time. As the load reaches the top 
another load is attached at the bottom and the foreman says 
"Pull! " I for one could not lift two 50 Ib. loads a minute for 
a whole 8-hour shift, and I should strongly resent the sugges- 
tion that I should do so. 

But here comes James Watt with his -1 horse-power engine, 
which in its modern form of an electric motor can be carried on 
the palm of your hand. And that motor will pull up your 50 Ib. 
loads at the specified rate, not just for an hour or for an 8-hour 
shift, but for 24 hours on end and perhaps for several months 
without stopping. And all you have to do is to press the button. 

Watt's engine has changed man from a hewer of wood and a 
drawer of water. It has also changed the whole conception of 
work. 

Up to now we have mentioned incidentally certain forms of 
work, such as lifting weights and hauling loads, and we have 
tried to show that they can all be described as overcoming 
forces over certain distances. Are there really so many different 
kinds of work? 

Most people spend the greater part of their lives working 
and the activities of the human race are apparently manifold. 
Of course, work to-day does not necessarily involve over- 
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coming physical forces. This is largely done by machinery 
and a great deal of human labour is expended in guiding and 
looking after machinery and in making arrangements for this 
work to be done. But there are so many different kinds of 
machines in the world which seem to be doing so many differ- 
ent things that any attempt to classify their work under a few 
simple headings might appear hopeless. And yet it is not 
nearly as complicated as it looks. 

As we have agreed that work can be described as force 
multiplied by a distance, and as distances may vary in length 
but not in kind, we must turn to the forces to show us the 
different kinds of work. What forces are there in nature 
that we are called upon to overcome? Perhaps it would be 
more correct to put it in this way: what is there in nature 
against which we have to use force? 

A very little thought will show us that there are only quite 
few 'natural forces' and therefore very few really different 
kinds of work. 

1. First of all, and most familiar to us, there is the force 
of gravity. Lifting something, that is to say taking it further 
away from the earth, requires a force. This force varies a 
little at different parts of the earth; it is slightly smaller 
near the Equator than at the North and South Poles; a Ib. 
weight is a little easier to lift in Calcutta than in Aberdeen, 
but the difference is slight. 

We know that the force of gravity is much smaller on 
the moon than on the earth and that it is much greater on 
the sun. We also know that, if we dig a very deep pit down 
into the earth things are lighter at the bottom of the pit 
than on the earth's surface. 

Very many kinds of work which look quite different are 
merely different ways of overcoming gravity. Climbing hills 
and hauling up loads of bricks are just two examples. 
Water pumps, aeroplanes, funicular railways and lifts are 
all doing the same thing in rather different ways. 

2. A less obvious, but no less important force is known 
as Inertia. Everyone knows that it takes more power to 
start up a car than to keep it running at 40 miles per hour 
on the flat and the same is true of an electric motor and a 
bicycle. The converse of this is also well known. It has long 
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been recognized as advisable to get out of the way of a 
bus or a train rather than to try and stop it. 

Work has to be done against the force of inertia every 
time something is set in motion or stopped and every time 
the speed of something is changed or the direction in which 
it is moving. This form of work offers considerable attrac- 
tions and many people spend their leisure hours changing 
the magnitude and direction of motion of footballs and 
similar objects. Some people even spend money merely 
for the pleasure of watching this being done. 




All mechanical work consists in overcoming three main forces, apart 
from electromagnetic forces. The gentleman in spectacles on the /eftfof 
the picture is mastering the force of gravity. The horse, trying not* to 
run over the professor, is overcoming the inertia of the cort behind him. 
The man with the cigarette is using a plane against the cohesive forces 

of matter 

3. Most of the machines in industry are engaged in 
changing the shape and size of various materials. Lathes, 
shapers and milling machines, planes, saws and drills are 
typical examples from the engineering and wood-working 
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industries; but all the manifold types of crushers fall 
under this heading, as well as the machines used in the 
textile industry and those for compressing air and other 
gases. We are here dealing with the cohesive forces 
of matter, the forces acting between the small particles 
or molecules, which resist in varying degree changes of 
size and form. These forces are strongest in solid bodies; 
they are weaker in liquids and still weaker in gases. But 
they are all similar in type, and we are continually fighting 
them. 

The all-pervading force of friction is in reality just one 
further example of the same thing. When we try and move 
something along a rough surface and no surface is perfectly 
smooth the resistance which we feel is due to our having 
to break away small particles from the surface. This grind- 
ing process goes on whenever two solid bodies are moved 
in close proximity with respect to each other. The work 
can be reduced, but not entirely eliminated, by interposing 
a liquid 'lubricant', but even a layer of gas shows friction 
though not to such a great extent. 

4. Finally we come up against the electromagnetic 
forces when the rotor of an electric generator is turned in a 
magnetic field. These forces are very important in our 
modern technical age, but they are only seldom met by the 
man-in-the-street. We mention them here merely to com- 
plete the picture. It is not possible to describe them in 
this volume. 

To all intents and purposes these four headings cover the 
different kinds of forces we meet with in nature and therefore 
the different kinds of work that we or our machines have to 
perform. But we must not believe that this division into four 
headings is anything more than a rough description of our 
present state of knowledge. A few generations ago, the author 
of a book like this would probably have listed forces differently 
under a larger number of headings, and in a few years' time 
we may well find it profitable to list only two or three. It is 
also quite possible that, at some not too distant date, we may 
look at things quite differently and the word 'force' may dis- 
appear from our vocabulary. But in the meantime it is interest- 
ing to note that all the varied antics that we perform may be 
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boiled down to our efforts to overcome gravity, inertia, the 
cohesive properties of matter and the resistance of an electro- 
magnetic field. 

There are still people in our country for whom work means 
the same as it did to the majority of the population 200 years 
ago. The men at the coal-face are a typical example. We shall 
usually find that the industries in which work means hard 
physical toil, the lifting of weights and the dragging of loads, 
are backward industries, industries least able to compete on 
the world market and which, for historical reasons, have not 
been brought up to date. In these industries we tend to find 
frequent labour unrest and they become the centres of political 
controversy. Coal-mining is such an industry. 

The present level of science and technique makes the lifting 
of weights and the dragging of heavy loads by hand unnecessary 
in general. If there are cases in which human work still means 
force times distance, they are exceptions and are ripe for 
fundamental changes in method and technique. 

Work to-day in its dominant form is no longer 'force times 
distance 9 . It consists less in driving than in guiding. It has 
changed its form through the introduction of machinery and 
mechanical power, and it is these changes which are to be 
traced in subsequent chapters. These changes in the conception 
of work have had a profound influence on the human race, 
both physically and mentally. The great diversity which is 
apparent to-day in forms of 'work* has caused questions to 
be asked that had been forgotten for many centuries; questions 
like "What is work?" "What is the value of labour power?" 
and "What is the ultimate object of human activity?" We 
shall not attempt to answer these questions here. But it is 
as well that they should be asked and that people should think 
about them and try to find the answers. If people lay this 
book aside to ponder on fundamentals, it will have achieved 
one half of its object. 

The changes outlined in the form of work have brought about 
corresponding changes in the people doing the work. The 
working man and woman of to-day is a different being from 
the one of 200 years ago. He and she use their minds more and 
their muscles less. 10 hours at SO foot-pounds per second are 
not conducive to clear thinking. During working hours there 
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was no time to think and afterwards people had more inclina- 
tion to sleep than to do anything else. To-day things are 
different. Skilled jobs in supervising machinery need more 
thought, and unskilled jobs are less strenuous and leave more 
time to let the mind wander. Even a generation ago the chasm 
dividing the manual worker from the intellectual was very 
much deeper than it is to-day. Breaches are now being healed 
which would have been considered insuperable 30 years ago. 
The whole physical and mental set-up of our people is under- 
going fundamental changes. We cannot think of the future 
without bearing this in mind. 

The many jobs now being done by women, which until 
recently were obviously men's jobs, show as well as a change 
in the character of women, a change in the character of the 
jobs. The rift between the sexes is being reduced step by step 
by power and machines. A woman may not have the muscles 
of a man, but muscles do not count as much as they did 100 
years ago. Women were despised by men before because they 
could not do the work that men could do. There was some 
justification for this, because when the principal earning power 
of a human being lay in his muscles, woman came off second- 
best. The inference that women have a lower intelligence than 
men was made and maintained for many reasons, but largely 
through the incorrect conclusion that if she can't carry a 
100 Ib. weight up a ladder, how should she be able to think! 
This conclusion was never put to the test and, in recent years, 
has been progressively discredited. 

It is frequently stated that power and machinery are a hoax, 
that all the inventions and discoveries, ostensibly made to 
lighten labour, have been abused to such an extent that the 
population as a whole has not benefited. There is a grain of 
truth in this, but on the whole it is palpably untrue. Work 
for the average citizen to-day is incomparably less strenuous 
than it was before the industrial revolution. People have 
amenities to-day which then they would not have dreamed 
possible. It is true that our economic system has not raised 
the standard of life of the population as a whole as high as 
it could have been raised with a full utilization of modern 
technique. But that the population on the whole has reaped 
advantages from technical development is self-evident to any- 



WORK AND FORCE 21 

one who takes the trouble to read any novel about the life of 
the people in former periods. 

Machinery and mechanical power have changed man and 
the face of the world. The new men will proceed to change the 
face of the world still more. They are already doing so, because 
this is the way of history. 



Chapter Two 

MACHINES 

MOST of the power generated to-day is used to drive 
machinery, and most of the machines we know or 
readily think of are driven by a source of power which is not 
man's muscles. People are so accustomed to associate power 
and machinery that they frequently confuse the two or imagine 
that they are just two names for the same thing. It is therefore 
necessary to remember that long before men found sources of 
power to drive machines, they were using machines and driving 
them with their own muscles. 

Now we have seen that the power of a man is about 50 
foot-pounds per second. Therefore, if man drives his machines 
with his own muscles, those machines cannot deliver more 
power than man puts into them, i.e., 50 foot-pounds per second. 
What then are the uses of such machines and why were they 
invented? 

Every machine is invented to enable people to do things 
which they could not do without it, or could not do so well 
or so quickly, or would have to take more trouble about doing. 
If a man-driven machine cannot give more power than the man 
driving it, how can the machine do things which man cannot 
do without it? 

The answer is that we cannot judge the capabilities of man 
or his machines in terms of power alone. To say that man can 
do 50 foot-pounds of work per second does not tell us every- 
thing. It means that a man can lift a 50 Ib. weight 1 foot in 
1 second, which is true. But it should also mean that he can 
lift a 500 Ib. weight 1 foot in 10 seconds, which is false. A 
man cannot lift a 500 Ib. weight at all, however long he may 
try, without some kind of machinery. Moreover, a man should 
be able to throw a ball weighing 1 ounce to a height of 1,600 
feet in 2 seconds. But no man can do this although the power 
required would be no more than 50 foot-pounds per second. 
To do so, he would have to impart to the ball an initial speed 
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of which his muscles are not capable. The rule about the 50 
ft. Ib. per sec. says nothing about initial speeds; it only 
mentions power. 

Our muscles are so formed that we can overcome moderately 
large forces at moderately high speeds. It is this particular 
constitution of our limbs that makes us see these forces and 
speeds as 'moderate'. We cannot with our arms and feet 
overcome very large forces even at very low speeds, nor can 
we reach very high speeds even against very small forces. 
We have the 'power' to do so, but it is not only power that 
counts. 

To achieve these ends, man has invented a number of devices, 
some of which are called tools or implements and others 




ALL THESE IMPLEMENTS ARE JUST EXTENSIONS OF THE HUMAN ARM 
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machines. Mostly we have no difficulty in distinguishing 
between a tool and a machine, but occasionally we have to 
think hard to know how to describe a particular gadget. 

To impart a high initial speed to a ball or other small 
object, we use a bat or a racket or a golf club. All these 
implements are just extensions of the human arm and their 
effects are based on leverage. Axes and choppers have in 
addition a wedge action and so have a number of other 
familiar tools. 

None of them enable a man to do more than his 50 foot- 
pounds per second, but they allow him, within this margin, 
to perform operations which he could not perform with his 
bare hands and feet. With the help of these devices a man can 
actuate his muscles normally, at moderate speeds and with 
moderate force, and the implement will transmit this action 
in such a way that either a high speed is reached against a 
smaller force, or a greater force is overcome at a lower speed 
or for a shorter period. 

Sometimes it is found that more is needed than merely an 
extension of the arm or hand, as when a heavy weight has to 
be lifted to a considerable height, where a long lever or 'jack* 
will not suffice. Here man has recourse to simple machines such 
as a block and tackle. 

A man pulls a chain moderately hard at a moderate speed. 
A weight is lifted which is far heavier than he could lift by 
hand. Yet the power required is not more than the normal 
power of a man, because the weight rises very slowly. With a 
block and tackle a man can easily lift a ton weight, but it will 
take him some time to do it. 

But tools and machines are needed, not only to move heavy 
loads or to provide rapid motion, but to promote dexterity 
and accuracy. The human hand is indeed a wonderful imple- 
ment, but it has only five fingers. Clever people can do a lot 
with those five fingers, but even they have their limitations. 
Fingers are between 3 and 4 inches long and between f " and T 
broad. They vary considerably between one person and 
another and between men and women. They have two joints 
and are fairly soft and sensitive, though this depends very 
much on the kind of work we have accustomed them to. We 
have to perform many operations which are too small and 
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* fiddly' to be carried out by fingers alone, and others which 
need a harder or a softer touch. 

A watchmaker's equipment is typical of the kind of tools 
that are needed to perform operations accurately on small 
and 'fiddly' objects. A needle is not an implement for doing 
'work' in the sense in which we have defined it; it is merely 
a hard narrow finger with a sharp point. 

Some people have very steady and agile hands, others are 
much more clumsy, but there are definite limits to the accuracy 
of even the most dexterous hand-work. Many tools and 
machines have been invented to achieve accurate workmanship 
or to enable the production of a number of identical objects. 
In many cases the actual 'work' done by these machines is 
very small, if expressed in foot-pounds over a certain period. 

Now we could claim with some justification that this kind 
of tool or machine falls outside the scope of this book, which 
deals with power and thus with work in the sense in which we 
have defined it. But this would hardly be an honest way of 




" NO MAN WILL DARE TO SAY IN FRONT OF HIS WIFE THAT DARN/NG 
SOCKS IS NOT WORK " 



26 POWER 

getting over a difficulty. We are clearly forced to admit that, 
besides the kind of work we have been discussing in the last 
chapter, there is also another kind of work, a work which is 
not force-times-distance but something else. No man will 
dare to say in front of his wife that darning stockings is not 
work. And yet if we were to work out the distance travelled 
by the darning-needle in feet and the force exerted in pounds 
to wedge the needle in between the last row of stitches, we 
should come to a very modest figure. If we were to compare, 
in foot-pounds, the work done in mowing the lawn and that 
done in darning a pair of stockings, we should come to a result 
highly flattering to the mower of lawns and extremely deroga- 
tory to the darner of stockings. But then work was defined by 
men and not by women, and it is very characteristic of us to 
define it in such a way that 'women's work' hardly counts! 

It is perfectly true that 'force-times-distance' is not a 
complete definition of work. It is just as true that lifting 
weights, hauling loads, and similar pastimes are not the only 
kinds of human activity. Why do we haul loads and lift 
weights? Not merely to haul the loads back again and to 
drop the weights on somebody's head. There is some definite 
reason why we want the load at one place and not at another, 
and why the weight is to be up here and not down there. 
Very generally we can say that the object of work is to create 
some kind of order out of disorder. We may quarrel violently 
as to what we mean by order. Thus my family and I have very 
different ideas as to what is meant by order on my desk. But 
we all agree that some kind of order is a desirable thing. We 
will also probably agree that man has attempted throughout 
the ages to create order out of a chaotic world, though how 
far he has been successful may be open to doubt. 

Just as scientists have been able to express at least one 
kind of 'work' in a strict mathematical way by defining it as 
a force multiplied by a distance, so they have found ways and 
means of definining order and disorder. We shall not go into 
this definition here as it would lead us away from our subject. 
But we can say this much about it. To obtain a reasonably 
adequate scientific picture of human activity, we need two 
principles which are independent of each other. One is 
founded on the conception of 'work' as expressed in foot- 



MACHINES 27 

pounds or horse-power-hours; the other involves the idea of 
order and is expressed in other units which we cannot here 
discuss. To describe any one of our many jobs and activities, 
we always require both these principles, but sometimes one 
is more important than the other. In the times when 'work* 
required mainly human muscles, men were associated mainly 
with those kinds of work in which the overcoming of forces 
over distances figured most prominently, while women, who 
were physically weaker, came to be linked up closely with 
the other kind of work, in which the creation of order 
was the more important characteristic. As we saw in the 
last chapter, power machinery is beginning to remove these 
differences. 

Now it is very important to understand that the beginning 
of modern machinery was not due to the need for overcoming 
large forces, but to the need for creating order more quickly 
than was possible by hand. Neither a man nor a woman can 
sew two stitches at the same time. There is a limit to the speed 
with which a human hand, be it ever so dexterous, can manipu- 
late a needle or any similar tool. These limits are set, not by 
power, but by dexterity. The really important feature of an 
industrial machine is not that it is driven by a source of power 
other than human muscles, which was and is by no means 
always the case, but that the tools are freed from the limitations 
imposed by the shape, size and dexterity of the human hand. 
A machine can carry in its * hands' any number of needles, 
knives or other tools, and it can operate as quickly as desired 
within the limitations of the power driving it. It is only when 
more and more tools are crammed into the machine, giving 
a higher and higher resistance, and when it is made to go faster 
and faster and thus has more and more friction to overcome, 
that it becomes necessary to replace human power by a steam 
engine or an electric motor. It is not the machine as such 
that requires power to drive it, but the subsequent development 
of the machine after its invention. It is not till machinery had 
been very considerably developed and had become much more 
complicated and harder to drive than it was at first that 
the steam engine really became necessary. And so it was not 
till well into the machine age that the question of power came 
into the forefront of human interest and endeavour. 
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Up to now we have tended to slur over the difference 
between tools and machines, but it is now time to answer 
the question: when does a tool cease to be a tool and 
become a machine? 

To answer this, think of one of the oldest and simplest 
machines, the archer's bow. With it a man can shoot an arrow 
a far greater distance than he could throw it by hand. How 
does it work? The man draws the bow back slowly, say in 
one second. Then he lets go and the bow springs back very 
quickly, perhaps in one-hundredth of a second. The work 
done by the bow is just the same as the work done by the man. 
But the bow imparts to the arrow a speed which enables it 
to travel a very great distance. Our arm muscles could never 
attain this speed. 

But if the bow does the same amount of work as the man, 
but much more quickly, surely the bow has more power than 
the man! If power is work divided by time, this is a contradic- 
tion. 

Let us try to solve this contradiction, and at the same time 
get clear about the machine. Suppose the archer shoots ten 
arrows a minute. In the course of one minute he draws the 
bow 10 times and 10 times an arrow is propelled. The same 
work is done by the man in drawing the bow and by the bow 
in shooting the arrow. So in one minute the man does the 
same amount of work as the bow. And so, after all, the power 
of the bow is the same as that of the man! True, while the 
bow is springing back its power is greater than that of the man 
while he is drawing the bow; but during a period covering 
several 'shots' the work done by both is the same. 

Speaking technically we should call the period between two 
successive propulsions a 'cycle of operations'. The complete 
cycle is 6 seconds. For one-hundredth of a second the bow is 
springing back; for one second it is being drawn. For the rest 
of the period no 'work' is being done at all. The archer is 
drawing an arrow from his quiver, or blowing his nose, or 
just resting. At any particular moment of the cycle the power 
input or output may be anything or nothing. To obtain a 
useful result, we must consider the average power during the 
entire cycle or, which comes to the same thing, over a large 
number of cycles. 
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The bow is a very characteristic example of a certain kind 
of machine, the kind in which the cycle of operations is differ- 
ent at every point. Compare it, for instance, with the block 
and tackle. The block has wheels. Wheels are round. Unless 
we mark one of the teeth of the pinion wheel with chalk, 
we cannot tell when a revolution is completed. The cycle of 
operations, the period of a full revolution of a wheel, is the 
same throughout. The only part of a block and tackle motion 
which is not rotary is the upward motion of the block. Some 
machines feature mainly rotary motion, like the lathe and the 
bicycle, others, like the bow and the drop hammer, have no 
rotary motion about them at all. No machine can consist 
entirely of rotary motion, because if it did it would not do any 
useful work. Nothing useful results if everything just goes 
round and round. 

Generally in a lathe the 'work' in the chuck merely rotates, 
but the motion of the tool is not rotary. Sometimes the tool 
and the work change places. In the case of a grindstone, the 
'tool' rotates, but the 'work' is moved and pressed against 
the stone. As the surface of the work is ground down, this 
pressure results in the 'work' moving ever closer to the 'tool* 
though the extent of this motion may be very small. 

But what is essential to a machine is that it shall have a 
cycle of operations, so that after it has gone through the cycle, 
it shall be in the same state as it was before. After the bow 
has shot its arrow, it is in the same state as before the archer 
drew it. It is ready to begin its cycle all over again. After the 
cog wheel in the block has moved round once, it is back where 
it was at the beginning. The block itself may be higher or 
lower, but from the point of view of the man pulling the chain, 
he can continue to pull without changing his position. 

A device which does not possess a cycle of operations may 
be a tool, but is not a machine. The cycle may be almost the 
same at all moments of the period, or it may be different at 
every moment of the period, but a cycle there must be. 

Most of the industrial machines which we know to-day are 
the direct descendants of those that revolutionized the world 
200 years ago. They all have a cycle of operations, which may 
be simple or complex. After the machine has performed its 
operation or its series of operations, it is ready to start up 
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again from scratch. Nothing but a little wear and tear remains 
to tell of what has gone before. 

Almost all machines contain three main parts: a drive, a 
transmission mechanism, and one or several tools. Whether 
the drive is operated by hand or by some other source of 
power is not vital. Most types of machine were originally 
operated by hand or foot, and many still are to-day. The 
transmission mechanism, which may consist of belts, pulleys, 
gear wheels, worms and pinions, and any number of levers, 
cranks and similar features, enables the power of the operator 
or the steam engine or the electric motor to produce the 
required motion. The tool or tools carry out the operation. 

In many cases these tools are much the same as those that 
were used before the machine was invented, such as saws, 
drills, knives, planes and needles, but frequently the tools 
change their form when they are no longer required to be held 
by human fingers. This is especially true of the machines in 
which the tool does not replace a manual tool but actually 




The tool which the rim of the wheel replaces Is the human foot; but It does 
not look In the least like a human foot and its action is quite different 
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a human organ. Take the bicycle. Here the drive consists 
of the pedals and the transmission mechanism is the chain and 
cogs and the hub of the back wheel. The 'tool' in this case 
is the rim of the wheel with its rubber tyre. The bicycle replaces 
the act of walking; it is walking by machinery. The tool which 
the tyred rim replaces is the human foot; but it does not look 
in the least like a human foot and its action is quite different. 
It should now be clear what machinery does in enabling us 
to perform operations which we could not do by hand. The 
way is now clear for us to take a further step forward. The 
machine freed the human hand from some operations, but 
gave it the often degrading task of becoming a driver of 
machines, a turner of handles. Power freed it from this task 
also and gave it the much more human occupation of guiding 
instead of driving the machine. 



Chapter Three 

ENERGY 
Sources of Power 

WATER flowing in a river and air blowing over the 
countryside as wind are both capable of doing work; 
so is a compressed or distended spring and the weight of a 
grandfather clock. But the spring has to be wound up and 
the weight lifted into position by the power of man. The 
windmill and hydro-electric power stations that man builds 
are merely devices for utilizing the power of the wind and water. 
We do not have to lift the water to the top of a waterfall and 
then let it fall down again ; and we do not have to set up an 
electric fan to make the wind. It is not human muscles that 
produce the power but natural forces distinct from human 
beings. Wind and water are sources of power, springs and 
weights are not; they are just devices for storing the power of 
human muscles. 

A hundredweight of coal and a gallon of petrol are also 
able to do work. The locomotive and the internal combustion 
engine are again merely devices for making the power available. 
Trains and motor cars are not driven by human muscles. 
Coal and oil are sources of power and, for our own country, 
they are far more important than wind and water. 

The ability to do work is called energy. Wind, water, coal 
and oil all possess energy, which can be measured by the 
number of foot-pounds of work which a given quantity of 
the source can be made to do. 

Everyone will quite naturally feel that there is a big differ- 
ence between wind and water on the one hand, and coal and 
oil on the other. What exactly is this difference? 

It can best be understood by considering how these sources 
of power are actually used. In the case of water and wind, 
we have a liquid and gas motion. When the water drives the 
blade of a turbine or the wind moves the vanes of a wind- 
mill, we can see how the motion of the water or the wind is 
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communicated to the blades and vanes, thus setting them in 
motion. And we can see further how the moving blades and 
vanes drive machinery for various purposes. The energy in 
the wind and the water is called mechanical energy. Mechanical 
energy consists either of moving things or of things which 
will move as soon as some catch is released. Thus the water 
in the tank on the roof of a house has mechanical energy 
although it may not be in motion at the time. But we know 
that, by opening the tap on the ground floor we can set the 
water running out at a high speed, owing to the 'head* behind 
it. This ' head ', which comes from the height of the tank above 
the tap, acts as a store of mechanical energy. The stored 
energy can be converted into energy of motion merely by 
opening a tap. 

But coal and oil are not naturally in motion; nor can they 
be set in motion by any simple device or themselves move 
any vanes, blades or pistons. To do so, they have to go 
through a series of very complicated changes. 

Take the locomotive for example. The coal is ignited under 
a boiler. A chemical reaction takes place between the coal 
and the oxygen in the air. This reaction produces heat. The 
heat warms up the water and causes it to boil. The boiling 
water forms steam under a high pressure; and this steam drives 
the piston back in the engine cylinder, thus setting the wheels 
in motion, overcoming the force necessary to set the heavy 
train moving and the frictional forces of the train on the rails. 

An equally complex series of changes takes place in the 
motor-car engine. Air and petrol are introduced into the 
engine cylinder. Here they are ignited, either with a sparking- 
plug or simply by the heat generated by their compression. 
The heat produced by the reaction of the petrol with the 
oxygen in the air brings about a high pressure of gas in the 
cylinder. This drives the piston and moves the car. 

In the case of many stationary steam engines, especially 
those working on the turbine principle, the power generated 
on the site of the engine is immediately turned into something 
else, and no work appears to be done on the spot. The steam 
raised by burning the coal under the boiler drives the blades 
of a turbine, and this turbine turns the rotor of an electric 
generator, which is often mounted on the same shaft as the 
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turbine itself. The generator produces 'electricity' which, after 
a further transformation, is conducted away on pylons, fed 
to 'mains', which are then tapped to electric motors. Finally 
these motors drive the lathes, drills and milling machines in 
the engineering industry, the vacuum cleaners in the house 
and numerous other devices that have become a part of the 
daily lives of millions of citizens. To the unreflecting person 
it appears as if the electric motor, or at least the electric main, 
were the source of power. But we see here that electricity is 
used merely to transport and distribute the power. The actual 
source of power is the coal burning under the boiler in the 
power station. 

Clearly, the energy in the coal and the petrol is a different 
kind of energy to that in the wind and the water. The energy 
in the coal and the oil is not mechanical; it is chemical energy. 
The energy in the hot steam generated from the water by 
burning the coal is called thermal or heat energy; and the 
energy generated in the main by the turbo-generator is electrical 
energy. From the complicated processes which have just been 
sketched it appears that chemical energy is first converted into 
thermal energy, thermal energy into mechanical, and mechanical 
into electrical energy ; finally the electrical energy is transformed 
back into the mechanical energy which actually does the work 
which is the object of all this complicated procedure. 

In the case of the wind and the water, all this is unnecessary. 
The mechanical energy of the wind and the water can be 
converted directly into work. It is merely communicated from 
the water or wind to the blades or vanes of the machine. The 
great advantage of mechanical energy is that it can be made 
to do work directly without any complicated and wasteful 
transformations. 

The fact that energy the capacity to do work can take on 
a number of different forms is very important. It has led to 
the discovery of one of the most fundamental laws of nature, 
which is that the total amount of energy in the world remains 
the same throughout all its transformations. Energy can be 
changed from one form to another, but it cannot disappear, 
nor can it be created. This does not mean that all the energy 
available in a ton of coal is afterwards found in the capstan 
lathe which is driven by the electric motor which is wired to 
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the main which comes from the transformer station which is 
charged from the generator which is driven by the turbine 
which is set in motion by the steam which is raised by the heat 
which is produced by burning the ton of coal. The transforma- 
tion of energy is never perfect and, in the course of these 
changes, some of the energy always takes on undesirable 
forms which cannot be utilized. When coal is burned, part 
of the heat inevitably goes up the chimney, and proceeds to 
warm up the atmosphere against the wishes of the designer. 
When the rotor of a turbine revolves, there is always some 
friction in the blades and bearings which converts some of 
the energy into useless heat. But this energy never disappears 
from the world whatever form it may take. It is the job of the 
engineer to guide the transformation of energy in such a way 
that as much as possible may do useful work. 

And what then? What happens to this energy when the 
work is done? It cannot vanish; it must go somewhere. 

Useful work, as we have seen, may consist of many things, 
and in each individual case it is quite possible to note what 
happens to the energy when its work has been performed. 
If the work consists of lifting a ton of bricks onto a high build- 
ing, the bricks have gained energy from the height. If they 
are thrown down again, their energy will be turned into 
energy of motion and they may do work by breaking the heads 
of the passers-by. If the work consists in setting in motion a 
bullet, football or motor-car, the energy is still there in the 
motion of these objects. If the work is that of maintaining 
a speed of 60 miles per hour in a train from London to 
Edinburgh, the energy is continually being transformed into 
frictional heat in the rails and the surrounding air. Work 
differs from any other transformation of energy only in that 
something is moved a certain distance against a certain force. 

It is noticeable in the above examples that, when energy 
appears to have been lost, it has generally been converted 
into heat. Heat is in fact the form of energy it is most difficult 
to convert into useful forms. It is easy to produce heat by 
doing work, but not so easy to do work by consuming heat. 
Heat is a peculiar form of energy and its relations with work 
have been the subject of a special field of study known as 
thermodynamics. We shall have more to say about these 
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relations when we come to discuss the production of power by 
burning fuel. 

What Makes the Wheels Go Round 

A little girl at Sunday school listened devoutly to the story 
of the creation. "Yes," she said after the lesson, "I can see 
how God made the world. But who made God?" 

Coal and oil, wind and water, are sources of power. But 
what is the source of the wind and the water, the coal and the 
oil? 

Without embarking on any theological discussion or putting 
forward controversial theories as to the origin of the universe, 
we can trace almost every source of power on our earth to 
one main agency; the sun. Our earth parted company from 
the sun some 2,000 million years ago and was endowed at 
birth with quite considerable stocks of energy. Ever since 
that time the sun has been showering energy onto the earth 
in the form of solar radiation. The energy coming in from the 
sun every second is equivalent to 130 million million horse- 
power. All this energy ultimately goes back again into space, 
but on its way it does many things and is converted into many 
forms. Man has been able to catch hold of a very small 
portion of it and make use of some of its conversions to suit 
his purpose. 

About a third of the energy received from the sun is used to 
evaporate water. The sun raises steam from all the seas, lakes 
and rivers of the world, but the earth's 'boilers' are so large 
that only one-three-thousandth of their contents is evaporated 
every year. All this tremendous quantity of water vapour 
condenses some time and somewhere; part of it comes down 
in the form of rain, another part as dew. It falls irregularly, 
much in some parts of the world and little in others. By far 
the greatest quantities collect on mountain tops and form our 
rivers, streams and brooks, and a tiny fraction of their energy 
serves us as water power. It is thought that a full utilization 
of the water power of the world could generate 320 million 
horse-power. 

Condensation gives off heat and evaporation absorbs it. 
This with many other causes leads to differences in temperature 
of the air in different parts of our atmosphere. Hot air expands 
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and rises, cool air flows into its place, and the results are 
winds and thunderstorms. Very little wind-power is used up 
to now in spite of the many windmills still in operation in 
some countries, but at present schemes are afoot in Russia 
and other countries to use the wind on a large scale. The energy 
of lightning is not easy to harness as thunderstorms are diffi- 
cult to predict and their energy very concentrated. About 
6,000 horse-power hours of energy may be given off in one 
flash of lightning and in the world as a whole there are, on 
the average, 16 flashes per second. Some years before the 
war an expedition lived for two summer seasons on a mountain 
in Switzerland catching lightning flashes with a view to using 
their energy for 'smashing atoms' (see next section). It was 
said to be the most thundery corner of Europe. One day in 
the autumn the author met the leader of this expedition, very 
sunburnt and a picture of health. A polite inquiry met with 
a muttered curse and the reply "Bored stiff! Not a single 
thunderstorm all summer!" 

One of the most interesting effects of solar radiation is the 
process that leads ultimately to the production of coal and 
oil. It is a long and complicated process and we do not yet 
by any means understand the whole of it. The leaves of all 
green plants contain small quantities of a substance called 
chlorophyll. Under the action of the sun's rays this substance 
can absorb carbon dioxide from the air and engage it in a 
chemical reaction with water. One cubic foot of air contains 
only half a cubic inch of carbon dioxide, but the chlorophyll 
appears to find it. The combination of water and carbon 
dioxide leads to the formation of sugar and starch and finally 
to the cell substance which makes up the plant. The sun 
supplies the energy for the reaction, which takes place only 
in the daytime. The result is the whole vegetable world, and 
through it the animal world which eats the vegetables and 
therewith absorbs these substances. Even flesh-eating men and 
animals share in these advantages secondhand. When you 
eat a mutton chop you are building up your body on the grass 
eaten by the sheep and utilizing the energy absorbed by the 
chlorophyll from the rays of the sun. 

The decay of vegetable matter is the basis of coal formation. 
The brown coal and lignite found in large quantities on the 
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Continent and to a lesser extent in our own country still 
contain clear evidence of their vegetable origin in a definite 
woody structure, and this evidence is still visible to the scientist 
in the better-known black coal which has departed much further 
from its original form. The origin of oil is still controversial. 
Some say it is quite similar to that of coal, some believe 
that it started its life as seaweed and others insist that it comes 
from decaying marine animals. Whichever theory prevails, 
the ultimate source of oil, like that of every other fuel, is very 
probably the chlorophyll reaction or one very similar to it. 
When we bum a fuel, we put to our use the energy stored in 
it since it was absorbed by the chlorophyll many thousands of 
years ago. And the final products of combustion are the carbon 
dioxide and water whose reaction with one another the solar 
rays were able to induce. We may say that the welcome heat 
emitted from our fireplace on a winter night is the same heat 
that warmed a blade of grass or the leaf of a tree one summer 
day before the dawn of man. 

A field of grass will absorb about three-quarters of the solar 
energy falling on it and a pine wood will take up nearly a 
hundred per cent. But most of this energy raises the temper- 
ature and evaporates some water. Only about one per cent 
is used for the chlorophyll reaction. 

Tidal Power 

Two further sources of power, though still untapped, 
deserve attention at this point, because their connection with 
the sun is rather different from that of coal, oil, wind and water. 

One of them is the power of the tides. We in Britain, with 
our long and intricate coast-line and strong tidal action, are 
in a particularly good position to observe the power of the 
tides. We have all at one time or another watched with rapt 
attention the incoming waters and seen them recede, sometimes 
for long distances, over the sandy beach. The tide is caused 
mainly by the gravitational attraction of the moon, which 
draws the waters together and carries them after it on its 
course round the earth. The combination of solar and lunar 
action produces the characteristic spring and neap tides which 
those of us know who have lived for long periods on the coast. 
The moon is just as much part of the sun as is the earth itself 
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and so, in this sense at any rate, tidal power is also a gift 
from the earth's great ancestor. The motion to and fro of 
vast masses of water is an obvious possible source of mechanical 
power, but its utilization has not been tackled practically as 
yet. In 1931 a project was investigated for building a large 
dam across the mouth of the Severn to catch the rising tide 
and use its energy in the succeeding low-tide period for driving 
turbines. The practice of using water power for driving 
machines will be discussed in the next chapter, but here it 
will suffice to state that the Severn Barrage Scheme was 
calculated to save nearly a million tons of coal per annum and 
to supply about one-thirteenth of the total electric power 
produced in the country. 

There are a number of difficulties in the way of using tidal 
power. A power station like that envisaged in the Severn 
could only operate for about 10 hours per day and, since the 
periods of high tide and low tide vary from day to day, the 
time of day at which the station could work would also be 
different to-day from yesterday and different again to-morrow. 
Electric power is required all day long, but most is needed at 
certain peak periods, such as when all the factories are in full 
operation or when everyone turns on the light at dusk. The 
period of the barrage station would be different from the peak 
periods of electricity demand and it was found difficult to 
fit it in. 

Nevertheless the arguments against the barrage do not seem 
to be very sound as they are based purely on pounds, shillings 
and pence and neglect other very important considerations. 
When the scheme was first suggested, we were in the throes 
of unemployment and one of the motivating ideas was to 
provide work for many thousands of people. Then the 
scheme was set aside, but recently a new report was issued 
about it. To-day we are suffering from an acute coal shortage. 
Our coal production has been falling from year to year and 
there does not appear to be a very live prospect of a major 
change in the immediate future. On the other hand, our 
demand for coal is continually increasing. Under these circum- 
stances a possible saving of a million tons of coal becomes 
very important and the costs of the scheme and its various 
technical difficulties should be viewed in that light. It is to 
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THE F/RST PEOPLE TO SUCCEED WHERE KING CANUTE. FAILED 

be hoped that this scheme will be revived and that we shall 
have the honour of being the first people to succeed where 
King Canute failed by making the waves of the sea serve the 
purpose of man. 

Smashing the Atom 

The second potential source of power that should be 
mentioned here is what is known as * nuclear energy*. Nuclear 
energy is the scientific rock-bottom of atomic power and the 
atom bomb. There has been a great deal of loose talk and 
uninformed speculation about this, but the underlying facts 
are fairly simple and quite startling enough. 

In studying the structure of atoms, physicists have discovered 
a number of kinds of energy which, in the form of 'rays', 
have a high penetrating power and can produce interesting 
and even destructive local effects. Most of these discoveries 
have been made to serve some useful purpose and have become 
known to the general public. For instance, it is no longer 
considered very mysterious that X-rays can penetrate deeply 
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into light substances, such as those constituting the human 
body. X-rays can be used for diagnosing fractured bones and 
harmful growths because these show up on photographs taken 
with the rays; but they can also be used therapeutically, that 
is to say to cure certain diseases by the effect they have on 
some cells and tissues. In both cases use is made of the energy 
of the rays, in their action either on the photographic film or 
on something inside our bodies. 

X-rays are obtained when a glowing filament is placed 
opposite a metal plate in a vessel exhausted to a high vacuum 
if a high voltage is maintained between the plate and the 
filament. The hot filament emits very small particles, called 
electrons, the same that are emitted by the filament of a radio 
valve, and the electric voltage makes these electrons travel at 
very high speeds. When the high-speed electrons hit the plate, 
it sends out X-rays, and these are allowed to leave the vessel 
through a window which is transparent to them. 

To form some idea of this and similar processes, it is useful 
to consider one of the more recent pictures that scientists 
have made of the atom. In this picture, the atom consists of 
a number of very small electrons circling round a central core 
or nucleus, rather like planets round the sun. Some of the 
electrons keep fairly close to the nucleus while others are some 
way away, but normally each electron stays on a certain orbit. 
When an electron jumps from one outer orbit to another, it 
emits or absorbs light which may be visible or ultra-violet. 
When one of the inside electrons jumps, it emits X-rays. The 
energy in an X-ray is greater than that in a corresponding ray 
of visible light, because it has a higher frequency. Just as 
violet light has a higher frequency than visible light, so X-rays 
have a higher frequency than ultra-violet light. X-rays, in 
common with other forms of light, have their origin in the 
electrons circling round the nucleus of an atom. 

However, the 'rays' shot out by radio-active bodies like 
radium have their origin in the inside of the nucleus and as 
a result of this, their energy is much greater. Some of these 
* rays' are similar to X-rays and light, but their frequencies 
are much higher; others consist of small particles moving at 
extremely high speeds. It is well known that radium is a very 
dangerous substance to carry in one's pocket. The 'rays', 
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which will penetrate almost any material, will cause serious 
burns and have a catastrophic effect on the tissues of the 
human body. Radioactive rays can be used to cure cancer 
after very great care has been taken to apply doses just strong 
enough to destroy the cancerous growth but not strong enough 
to destroy the patient. Radioactive substances have to be 
kept in rooms and vessels surrounded by thick layers of lead, 
as the rays penetrate lead less than most other substances. 
The energy in radioactive rays is very great and samples used 
for treatment contain less than a thousandth of a gramme of 
radioactive substance. 

Radioactivity is a property of a few of the heaviest chemical 
elements, and it consists in the atomic nucleus disintegrating 
of its own accord. In this way the radioactive substance is 
transformed into another substance when the rays are emitted, 
and this new substance may or may not be radioactive itself. 
Thus radium, after going through a number of transformations 
and emitting various kinds of rays and particles, finally ends 
up as lead. Although the energy emitted in these processes 
is relatively high the quantities of radioactive substances 
available in the world are very small, and the energy is emitted 
over a very long period. Though a gramme of radium can 
emit energy equivalent to some 10,000 horse-power hours, it 
will take several thousands of years to do it. 

However, in recent years physicists have found methods of 
producing radioactivity artificially. Under suitable treatment 
many substances which are not in themselves radioactive, and 
which therefore do not disintegrate of their own accord, can 
be made to emit radioactive rays and particles, whereby the 
atomic nucleus is transformed and finally destroyed. This is 
the process which is known colloquially as * splitting the atom '. 
In this way it is possible to make larger amounts of energy 
available at will and at the same time. Yet this fact would be 
of scientific interest only if the treatment needed the same 
expenditure of energy as the energy produced. The important 
discovery is that, under certain conditions, a relatively small 
input of energy can lead to the almost simultaneous disintegra- 
tion of large numbers of atoms and to the emission of much 
more energy than was put in. Figuratively speaking, the 
energy input merely acts like a relay and releases a catch. The 
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energy made available is taken from the atomic nucleus; it 
was there all the time. 

The particles which release this large stock of energy from 
certain heavy atomic nuclei, notably from one of the variants 
of the element uranium, are not the same as those which are 
emitted spontaneously by radioactive bodies. They are them- 
selves 'secondary' particles which fly off when non-radioactive 
atoms are 'smashed' by particles from radioactive substances. 
These are called neutrons, and what makes them so potent is 
that they carry no electric charge. Electrically charged pro- 
jectiles are repelled by the atoms on approaching and very few 
penetrate into the nucleus. The neutrons can get right in. 

The fact that this process leads to the destruction of matter 
and its conversion into radiant energy has caused the physi- 
cists some headaches, but this need not concern us here. What 
is important for us is that we have potentially at our disposal 
an almost unlimited store of energy which, suitably unleashed, 
can have a tremendous effect on our economy and civilization. 
Used for destructive purposes, it can wipe out the human race; 
used as a source of industrial power it can confer limitless 
benefits on mankind. 

That it might be possible to make use of nuclear energy 
was foreseen by scientists many years ago. It became a 
practical possibility when, just before the war, it could be 
shown that a uranium nucleus, when split by a neutron, 
itself emits several neutrons which can carry on the process. 
Since that time a number of important scientific discoveries 
have been made and we now know that other substances 
besides uranium can produce a similar effect. But the main 
progress during the war has been technical. It has con- 
sisted in separating the 'active' form of uranium from the 
other more prevalent form, in securing the necessary raw 
materials in sufficient purity and in actually constructing a 
bomb. The 'secrets' so hotly contested are technical, not 
scientific, secrets and the task of making nuclear energy 
available for constructive purposes is rapidly becoming a 
technical rather than a scientific task. It is a task of great 
difficulty, but there can be little doubt that it will ultimately 
be solved. The spectacular use of the atomic bomb at the 
end of the war has opened the eyes of the general public to the 
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social implications of scientific advance to an extent never 
before achieved by any invention. 

Just as tidal power is not strictly a solar source of energy, 
neither is nuclear power. The atoms of our earth were mostly 
there before the earth separated from the sun, before the 
origin of our solar system. Nuclear energy is cosmic, not 
solar, and the gruesome effect of the atomic bomb is all the 
more significant in that with this weapon man has used for 
the first time power given him from a previous period in the 
formation of the universe. 



Chapter Four 

WATER POWER 

IF someone carries a bucket of water up a flight of stairs, 
he is doing work. If the bucket contains 2 gallons (20 lb.) 
and the stairs are 12 feet high, the work is 240 foot-pounds, 
over and above the work needed to carry the person up the 
stairs. Where has this work gone? It has not been turned into 
heat, nor has it set anything in motion. The bucket stands 
quietly at the top of the stairs. Nevertheless the energy of the 
person has been transferred to the water in the bucket. It is 
now 12 feet higher than it was before. It has 12 feet of 'head', 
and this energy can be utilized by converting it into energy of 
motion. If this is done correctly, the water can, on reaching 
the bottom of the stairs again, return all these 240 foot-pounds 
in the form of work. 

Of course it depends on how the person goes about it. 
If he just pours the water down the staircase, he will merely 
make a mess, and will have to expend more energy in cleaning 
it up. But if he pours it down a suitable pipe and fits a little 
water-wheel at the bottom, the water will turn the wheel and 
do work. As it runs down the pipe, it will gather speed, the 
energy of the moving water will be communicated to the blades 
of the wheel, the wheel will turn round and can be made to 
do work. 

In practice it will not be necessary to carry the water 
upstairs in a bucket. It is quite sufficient to open the tap in 
the bathroom on the first floor. The work has already been 
done at the waterworks, which has pumped the water into a 
reservoir somewhere on a hill or a high tower and given it 
the necessary head. Everyone who has worked in a high 
building knows that the water pressure is greater at the 
bottom than at the top. The water will gush out of a tap on 
the ground floor with a high speed, whereas there may be 
only a slow trickle from the taps on the top floor. At the 
bottom of the house we can utilize the energy that the water 
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"OF COURSE IT DEPENDS ON HOW THE PERSON GOES ABOUT IT" 



has in virtue of its head by converting this energy into energy 
of motion and communicating it to the driving mechanism of 
a machine. 

The work that we can get from moving water depends on 
the amount of water available and also on its speed. But 
the speed of the water is more important than its quantity. 
If we double the amount of water flowing through a pipe in 
a given time, while the speed remains the same, the power of 
the water, that is to say the work that it can do in the given 
time, will also be doubled. But if we arrange for the same 
amount of water to flow at double the speed, we can make it 
do four times as much work. From the point of view of power 
production we can therefore say that, in general, a little water 
moving quickly is better than a lot of water moving slowly. 
Of course, this is a very rough-and-ready rule, but it has had 
very important consequences in the field of economic 
geography. 
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Everyone knows that it is in mountainous country that he 
can find rapid water. The torrents, cascades and waterfalls 
of Switzerland and Norway are vivid recollections of happy 
holidays for those who have been able to wander far afield; 
and our own more modest heights of Wales, Scotland and the 
Lake District afford many beautiful views of gleaming foam 
in rapid falls and streams. And so it is not surprising that 
many power stations have been erected in the mountains. 
Many travellers have been surprised to see an electric bulb 
in every cow-shed in the Alps and most will have realized that 
it is the abundance of rapid water which has made this 
practicable. It is not very difficult to make use of a waterfall 
or mountain torrent to generate electricity, and electric power 
is indeed remarkably cheap in some hilly countries. 

Yet there are many good reasons why hydro-electric stations 
are not confined to the mountains and why in fact more electric 
power is generated in the plains than in the hills. Electric 
power is most needed in the field of transport and large-scale 
industry. But the big centres of production and communica- 
tion are not, as a rule, situated in the mountains/ Mountains 
are bad for transport and communication. It is difficult to 
build roads and railways through them. Moreover the 
principal raw materials for heavy industry, coal and iron, are 
not usually found in very hilly country. One of the main 
reasons why industry tends to be concentrated in the plains 
is very closely connected with the reason why power stations 
ought to be in the mountains, namely the distribution of 
water supplies. The big rivers of the world are very important 
lines of transport. River transport, even to-day, is much 
cheaper than road transport. A couple of centuries ago, 
when roads were bad and scarce, water transport played 
an even greater part. And transport requires, not rapid 
torrents and waterfalls, but, on the contrary, wide and 
slowly moving rivers. And so, as we know from our school 
geography, almost all big towns are on fair-sized navigable 
rivers, and it is in the big towns that most of the power is 
needed. 

It is therefore plain that our power engineers have had to 
face up to a difficult problem: is it best to build power stations 
in the mountains where it is easy, and transport the power on 



48 POWER 

cables to the industrial centres in the plain, or is it better to 
go to the greater expense and difficulty of using slowly moving 
rivers for power generation and so produce the power where 
it is needed? 

This problem, like so many others, cannot be solved in 
general once and for all, but requires careful consideration of 
every particular case. In general we can say that, when tech- 
nique was on a lower level than it is to-day, there was a tendency 
to make power in the hills. To-day, when we know better 
how to deal with slowly moving water, more and more power 
stations are being built in low-lying flat country, far away 
from the rapid waters of the mountains. 

There is a further reason for this, on which we have not 
yet touched. We have said that a little rapid water is, in 
general, better than a lot of slow water, but we have also said 
that this is only a rough rule. The power requirements of 
modern industry are so vast that small quantities of water 
will not suffice, however fast they are moving, and there are 
no large masses of running water in the mountains. We 
know how most big rivers begin in hilly country as modest 
little streams, how in the course of their travels they take up 
the waters of one small tributary after another, themselves 
becoming larger and larger, but also slower and slower as 
they leave the steep slopes of their source. And finally they 
merge majestically with the waves of the sea. A famous poem 
depicts this process far more eloquently than any scientist: 

But the majestic river floated on, 
Out of the mist and hum of that low land, 
Into the frosty starlight, and there moved, 
Rejoicing, through the hush'd Chorasmian waste, 
Under the solitary moon; he flow'd 
Right for the polar star, past Orgunje, 
Brimming and bright and large; then sands begin 
To hem his watery march, and dam his streams, 
And split his currents; that for many a league 
The shorn and parcell'd Oxus strains along 
Through beds of sands and matted rushy isles 
Oxus, forgetting the bright speed he had 
In his high mountain cradle in Pamir, 
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A foil'd circuitous wanderer till at last 

The long'd for dash of waves is heard, and wide 

His luminous home of waters opens, bright 

And tranquil, from whose floor the new-bathed stars 

Emerge, and shine upon the Aral Sea. 

Matthew Arnold, 

Sohrab and Rustum. 

A very large power station needs a very large amount of 
water and if the water is moving too slowly man has to speed 
it up. How can this be done? 

To explain this, we must first answer what appears to be a 
very foolish question. Why do rivers flow more slowly in 
the plains than in the hills? We have become so used to this 
fact that we are inclined to think it is obvious. But it is not 
obvious at all. Gravity acts down every slope, whether steep 
or gentle, and under the force of gravity things should move 
faster and faster. Even in the plains all rivers flow 'downhill', 
and we have a right to expect them to become more and more 
rapid along the whole of their course to the sea. Everyone 
knows that a cyclist gains speed free-wheeling down a hill, 
even if the hill is 'almost flat'. If the slope is gentle, 
he gains speed slowly; if it is steep he gains speed more 
rapidly. So why does the river flow slower instead of faster 
and faster? 

The reason is that the speed of the river depends on another 
force besides gravity, acting in the opposite direction. This 
is the force of friction between the river and its bed and banhfr 
and, to some extent, between the water particles themselves. 
This frictional force acts like a brake and counteracts the 
gravitational force. When at some point in its course the slope 
of the river bed becomes steeper, the speed of the water 
increases until it reaches a speed at which the force of friction 
just balances that of gravity. From then on the speed no longer 
grows. When the slope becomes flatter, friction becomes 
stronger than gravity; the water is slowed down until a new 
balance is reached. And so, as in general a river bed gets 
flatter and flatter as the river emerges from the hills onto the 
plain and flows towards the sea, the water flows more and more 
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slowly instead of more and more rapidly, as it would if only 
gravity were operating. 

There is thus a very clear connection between the steepness 
of the river bed and the speed with which the water travels; 
and this means that, in order to speed up the water, we must 
make its bed steeper. How can this be done? 

Take a stretch of river like the Thames at Oxford, which 
falls about 2 ft. per mile. If we walk along the towing path 
for ten miles we drop twenty feet nearer sea-level. If we could 
collect this drop into 10 feet instead of 10 miles of the river's 
course, the water would flow along that 10 feet at a prodigious 
speed. Now it is always possible to bank up a river along a 
stretch of its course. Supposing we were to do this for a stretch 
of 10 miles so that, in this stretch, the river fell not 20 feet, 
but only 20 inches. We can then allow the river to drop 
suddenly to its old bed which will be 18 ft. 4 in. below the 
'weir' that we have built. We shall have slowed down the 
river on the upper part of its course in order to speed it up 
at one point, but that does not matter. We shall have achieved 
the high speed that we require. 

But surely, someone will say, if we slow down the water in 
part of its course, there will be less water flowing in the 
river and we shall lose as much as we have gained! This 
is an error most people make at first. The amount of water 
flowing in a river, say in gallons per hour, depends on the 
capacity of its source and that of its tributaries. It does 
not depend at all on what we may do at any part of its bed. 
The water will continue to flow with the same number of gal- 
lens per hour, as long as the source does not dry up. If the 
water flows more slowly as a result of its bed being raised, 
it will merely require more space to flow in, so that the amount 
of water can 'get past in time'. The river will just spread out 
forming an artificial lake or reservoir. The dam, reservoir 
and weir are thus the solution to the problem of speeding up 
the water so that its energy may be used to generate power. 

To dam a river in this way, it is not necessary to raise the 
level of the river bed. It is quite sufficient to raise merely the 
surface of the river. If we build a wall across a river, the level 
of the surface will rise and the river will overflow its banks. 
If we continue the wall upstream, leaving sufficient space 
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for the river to spread out and form a reservoir, we can arrange 
for the water to flow over a weir at the downstream end of 
the dam and place our turbines at the bottom of the artificial 
waterfall. 

Most of the large rivers in the plains have such a small 
gradient that they would have to be dammed for many miles 
to obtain a drop over the weir sufficient to drive a large gener- 
ating station. This would be extremely costly and difficult. 
It is therefore usual to erect power stations at such points on 
a river where, through some irregularity in the contours, the 
slope of the river bed is already greater than in adjoining parts 
of its course. Such 'rapids' occur to a greater or lesser degree 
in many large rivers and they are a great hindrance to naviga- 
tion. By damming the rivers at such points, engineers serve 
the double purpose of generating power and making the river 
navigable through an appropriate lock. Such a site has been 
chosen for the Dnieper Dam Power Station in the Ukraine. 
The town of Zaporroshe, where the Dnieper Dam is erected, 
means 'Behind the Rapids', and this point marked for many 
centuries the limit of navigation on the Dnieper. The Dam 
not only secured an output of 750,000 h.p. of electric power; 
it also enabled sea-going ships from the Black Sea to steam 
up the Dnieper as far as Kiev and beyond and linked up the 
river traffic on the upper Dnieper between Kiev and Smolensk 
with that on the lower Dnieper 'beyond the rapids'. 

If we now turn to examine the world's resources of water 
power and how man has made use of them, we shall expect 
to find quite a complicated picture. Physical and political 
geography, the location of industrially useful raw materials, 
climatic conditions and the history of nations, all these will 
play their part in determining the places where water power 
is utilized. As it happens, nature has presented us with the 
greatest potential sources of power in places furthest removed 
from where we appear to need them to-day. Thus 42 per cent 
of the water power in the world is to be found in Africa, one 
of the least populated and least economically developed con- 
tinents. By far the largest proportion is to be found in the 
Congo Basin, in the French and Belgian territories. Only 
12 per cent of the world's potential water-power supply is in 
Europe, but even here only about one-third is being used. 
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The two countries which use most water power per in- 
habitant are Norway and Canada, and this is not surprising. 
Both have large water-power resources, a relatively sparse 
population, but a high level of industry. Switzerland comes 
a good third. It has much more water power per square mile 
of area than any other country, but it is more densely populated 
than Norway or Canada and so, although nearly half its 
water power is developed, there is less per head of population. 
The next on the list are Sweden, U.S.A. and Italy. Our own 
water-power resources are so small that they hardly feature 
in the list at all. Only 3 per cent of the electric energy produced 
in Britain in 1944 came from water power. Another country 
with a high potential water power per head of population is 
New Guinea, but here, as in the Congo, practically no use is 
made of it. 

The total potential water power of the world was estimated, 
some years ago, as 447 million h.p., a figure which is almost 
certainly too low. Only just over 10 per cent of this is being 
used, but the use of water-power resources is increasing fairly 
rapidly. Thus, in an industrially advanced country like the 
U.S.A., nearly 2\ times as much power was produced from 
water in 1931 as in 1919 and in countries like Russia, 
which have only recently begun their industrial development, 
the increase is even swifter. In the U.S.A. 41 per cent of the 
country's power was produced from water in 1933 as against 
38 per cent in 1919. In other countries also there is a tendency 
for water power to play an increasing part, relative to other 
power resources, in the nation's economy. 



Chapter Five 

COAL 

COAL is not only by far the most important source of 
power in Britain, it is also our most valuable raw material. 
An incredible number of familiar objects, from soap, dyes 
and cosmetics to margarine and fertilizers, are made from the 
products of coal. And in addition to this, heat generated from 
coal not only serves to make our homes habitable in winter and 
to cook our dinners, but it is the life-blood of our chemical 
and metallurgical industries and of a host of other major and 
minor industries of varying importance in our daily lives. 

Relics of primeval forests, buried by the movements of 
stone and rocks throughout the ages, submerged perhaps for 
thousands of years under seas, lakes and swamps, our coal- 
seams began to play an important part in our economic history 
when the gradual clearing of forests had led to a shortage 
of timber. It was not so much that logs were scarce for heating 
the domestic hearth and for building houses and ships. The 
rising demand for wood came mainly from the iron-smelters 
who required large quantities of charcoal. 

Iron ore is mainly a compound of iron and oxygen. When 
the ore is smelted the oxygen has to be removed, and this is 
achieved by making it combine with carbon. The resulting 
product is carbon dioxide, a gas which readily escapes into the 
air. The carbon was formerly supplied in the form of charcoal, 
which was itself obtained by allowing wood to smoulder for 
long periods in mounds or kilns which excluded the air from 
entering. 

A couple of hundred years ago, when wood was becoming 
scarcer and more expensive, it was found that coal would serve 
the same purpose, after being converted to coke in an oven 
rather similar to the kilns used for making charcoal from wood. 

And so the charcoal-burner, famous from the tales of 
medieval England, was gradually replaced by the coal miner 
and the coke-oven operator. 

53 
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In the year before the war about 178 million tons of coal 
were consumed in Britain and 48-5 million tons were exported. 
Seven hundred thousand miners were employed in 1,976 pits 
in about a dozen English and Scottish counties. Out of every 
hundred male adult Englishmen, Scotsmen and Welshmen, 
four were miners. 

This is not a book about coal-mining. That moving tale 
has been told by others and the happy ending is not yet. 
We are here concerned with what happens to the coal 
after it leaves the pit, and especially with how it is con- 
verted into power. However, the utilization of coal is so 
complicated that it can be understood only by looking at it 
as a whole. 

The products of coal are heat, light, power and chemicals, 
but among them heat plays a particular part. As well as 
being the primary product of many of the processes, it is an 
important by-product of most of the others. It is only when 
all the heat as well as all the other products are fully exploited 
that we can speak of an economic utilization of coal. 

It would therefore be a very narrow approach to consider 
in this chapter merely the production from coal of mechanical 
power. We shall rather try and see the utlization of coal as a 
gigantic sequence of energy transformations in which it is 
man's desire to see as much as possible of the energy fulfil 
a useful purpose. 

There are to-day three principal processes for the primary 
treatment of coal, known as combustion, carbonization, and 
gasification. All three can lead to a transformation of some of 
the chemical energy in the coal into mechanical work, but in 
each case some of the heat generated must be used directly 
as heat and cannot be converted into anything else. Each of 
the three processes has certain advantages and disadvantages 
and is suitable for particular conditions. 

Combustion 

Combustion consists in burning the coal, that is to say 
heating it until it is able to combine with the oxygen of the 
air. As soon as the coal is hot enough to start the process of 
combustion, it maintains itself and gives off large quantities 
of heat to the surroundings. 
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Heat is generally measured in British Thermal Units 
(B.T.U.). A B.T.U. is the amount of heat required to raise 
the temperature of a pound of water by 1 F. A pound of coal, 
depending on its quality, will produce in burning 9,000-14,000 
B.T.U. Taking 12,000 B.T.U. as an average, we can say that, 
by burning a pound of coal, we can heat 8 gallons of water 
from ordinary room temperature to its boiling-point. 

We are very familiar with some of the uses of burning coal. It 
looks nice in the fireplace and if you keep very close to it you 
may even feel warm. Until recently most of our meals were 
cooked on coal fires and they still are in some partsof thecountry. 

It is possible to transform all the chemical energy in the coal 
into heat, but it is when we come to the further transformation of 
the heat into other forms of energy, especially into mechanical 
power, that difficulties arise. 

The mechanical energy capable of doing 1 horse-power hour 
of work is equal to 2,547 B.T.U. This means that if it were 
possible to convert the whole of the chemical energy of coal 
into work, one pound of coal could do 4| h.p.h. of work. 
But this is not possible, as will be shown presently. Only 
a fraction of the energy in the coal can be turned into work, 
not merely for technical reasons and because of the inefficiency 
of the conversion process, but because of the laws of nature 
which categorically deny us this very useful conversion. 

The transformation of heat from the burning coal into 
mechanical power is generally carried through by way of 
steam. Steam is not essential for the conversion of heat into 
power. At one time hot air was frequently used and some 
modern processes use mercury vapour. The internal com- 
bustion engine makes use of very hot gases. 

It is however necessary to use something which will move 
when heated because directed motion is required for doing 
work. Gases are useful in this respect because they expand 
very greatly on being heated and this expansion can easily be 
turned into directed motion, driving a piston in a cylinder, 
or issuing out of a nozzle and setting a turbine blade in 
motion. Steam is particularly useful because it can easily be 
condensed into water, which involves an enormous contraction 
of its volume, and the sucking action thus produced can also 
lead to directed motion. 
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But even the best and most economical steam engine can 
transform only a part of the heat from the coal into mechanical 
work. As everyone knows, a steam engine has a boiler and a 
condenser. When the steam evaporates from the boiler it 
absorbs heat, and this heat is supplied by the burning coal. 
But when the spent steam condenses, it gives off heat to the 
cooling water. The energy turned by the steam engine into 
mechanical work is the difference between the heat supplied 
by the burning coal to the boiler and the heat given up by the 
spent steam in the condenser. The coal supplies the heat at 
a high temperature, and the condenser swallows it at a much 
lower temperature, but some of the heat from the boiler 
always ends up as waste heat in the condenser. 

This state of affairs is quite independent of whether steam 
is used or any other medium, and it does not help if we leave 
out the condenser altogether, as happens in most locomotives. 
In that case the surrounding air plays the part of the con- 
denser. It is never possible to run a machine which simply 
converts heat at a single high temperature into work. Some 
heat must always be given off at a lower temperature. 

We can say that heat is consumed at a high temperature 
and given off at a low temperature, or we can put it differently 
and say that heat is consumed at a high temperature and cold 
is consumed at a low temperature. Taking away heat is the 
same as producing cold, and in the same way we can call 
giving off heat taking away cold. If we do so, we can explain 
a steam engine very simply by saying that heat and cold 
together produce mechanical work. Heat disappears from the 
boiler and cold disappears from the condenser and in their 
place the piston moves and the wheels go round. 

The engineer is naturally interested in turning into work 
as much as possible of the heat in the coal and in wasting 
as little energy as possible. But there is always an upper 
limit to the energy that can be made available as power 
and a lower limit to the heat given off at the lower temper- 
ature. These limits depend on the temperature of the 
boiler and the condenser. The higher the temperature of 
the boiler and the lower the temperature of the condenser, the 
greater the proportion of the heat that can be turned into 
work. 
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Supposing, for instance, the temperature of the boiler is 
300 F. and that of the condenser 100 F., then the absolutely 
perfect steam engine would convert 26 per cent of the heat 
consumed in the boiler into mechanical work. With the same 
condenser temperature and a boiler temperature of 500 F., 
nearly 42 per cent of the heat could be turned into work. 
In practice the percentages will be much less owing to all 
manner of losses from friction and other causes. 

The temperature of the condenser is limited by the temper- 
ature of the surrounding air or cooling water to about 80 F. 
We can keep the condenser fairly close to that of the surround- 
ings, but we cannot go below it. So our efforts to increase the 
amount of power produced from heat have been concentrated 
mainly on raising the temperature of the boiler. Here we 
have much more scope as the temperature of the burning coal 
can be well above 1,000 F. It is therefore not difficult to raise 
the boiler temperature well above the normal boiling-point of 
water. But in doing this we must also raise the pressure of 
the steam, for a definite steam pressure corresponds to every 
temperature of the boiling water, and the pressure rises rapidly 
with the temperature. 

Thus at 300 F. the pressure of the steam is 67 Ib. 
per sq. inch, and at 500 F. the pressure of the steam is 
680 Ib. per sq. inch, that is to say more than ten times as 
great. 

It requires some skill and knowledge to design high-pressure 
boilers, but nevertheless pressures above 600 Ib. are very 
frequently employed. In large power stations 1,400 Ib. is not 
considered an excessive pressure, and boilers for still higher 
pressures are in operation in America. 

However, it is the high temperature and not the high pressure 
that is of interest in power production and the high pressure 
is merely incidental and due to the fact that we take water as 
our working substance. If we were to take some other liquid 
with a higher boiling-point than water, we should be able to 
reach the same temperature with a lower pressure. In fact 
some boilers are now working on mercury vapour instead of 
steam. The boiling-point of mercury is 675 F. Here mercury 
boils at 15 Ib. pressure, while at the same temperature the steam 
pressure would be 2,650 Ib. per sq. inch. Naturally enough 
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the use of mercury instead of water in boilers involves a 
number of difficulties and it is not yet certain whether the 
mercury boiler will assert itself on a large scale. But it is an 
interesting line of development towards a higher efficiency in 
the conversion of heat to power. 

Another way of raising the temperature without raising 
the pressure is to ' superheat' the steam. If the boiler is heated 
to 500 F. steam will be formed at 680 Ib. pressure. This 
steam can then be further heated by the furnace without its 
pressure being increased, and we can thus make use of the 
high temperature to raise the efficiency of the generator. 
This method is used in all power stations in this country. 

The heat delivered by condensing the steam after it has 
passed through the engine is generally thrown away. The 
spent steam is condensed with cooling water and goes to 
heat up our rivers and canals, to nobody's advantage and to 
the detriment of the fish in the water. But this 'waste heat' 
could be utilized for various purposes, for instance in many 
chemical industries where heat is required for the reactions, 
and for 'district heating', which is simply a form of central 
heating in which a large number of houses are covered from 
one central supply. Unfortunately, owing to the particular 
structure of British industry, waste heat is poorly utilized in 
this country. There is little or no link-up between the power- 
generating industry and the chemical industry, and most of 
the brave schemes for district heating have remained paper 
schemes hitherto. 

Here a wide field is still open for development. A full 
utilization of waste heat in power production could provide 
warm homes for hundreds of thousands of families, if 
the low-pressure steam and hot water passed through 
pipes and radiators instead of being dissipated in canals and 
rivers. 

Up to now we have dealt merely with the simple process of 
burning the coal and have seen how the heat thus produced, 
apart from wanning our rooms, can be used to generate power. 
It is a fact that combustion of coal is the most important 
process for power production, but the other two methods for 
treating coal, though less important for yielding mechanical 
energy, are nevertheless very vital to our economic life. 
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Carbonization 

We have already mentioned that, when coal is allowed 
to smoulder under conditions in which air is excluded, it 
turns into coke. In the course of this process the coal gives 
off large quantities of combustible gases and also a number of 
other valuable by-products, such as ammonia, benzol and tar. 
The gas evolved in coking or 'carbonizing' the coal plays an 
important part in cooking our meals, heating our bath water 
and warming our rooms. In domestic lighting it has largely 
been replaced by electricity, but many of our streets are 
still gas-lit and will no doubt remain so for many years to 
come. 

This method of treating coal, which is generally known as 
carbonization, yields from one ton of fuel approximately the 
following products : 

1. 12,000 cubic feet of gas, of which each cubic foot 
contains a thermal energy of about 550 B.T.U., i.e. a total 
amount of heat amounting to six and a half million B.T.U. 
or 65 therms; 

2. 2-4 gallons of light oil containing a large per- 
centage of benzol. 

3. About 5 Ib. of ammonia liquor. 

4. Some 12 gallons of tar. 

We come now to one of the complexities of our industrial 
set-up, as it has emerged from the historical past. Carboniza- 
tion of coal always leads to coke, gas and chemical by-products, 
but the process is carried out in two different ways by two 
separate industries which have little or no connection with 
one another. 

Firstly there is the gas industry. The object of the 1,050 
big and little gas undertakings, most of them private, some 
municipal, is to produce gas for lighting and heating. For 
them the primary product of carbonization is gas, and every- 
thing else, including coke, is a by-product. On the other hand, 
the coking industry is concerned with producing coke, mainly 
for the iron and steel industries, as described at the beginning 
of the chapter, and to a lesser degree for sale as fuel. For the 
coking industry only the coke is a primary product and the 
gas is merely a by-product. 



60 POWER 

Not every coal is good coking coal; that is to say only certain 
types will produce a coke suitable for use in the steel industry. 
But most coal will produce some kind of coke which can be 
burned to somebody's advantage. It is also true that some 
kinds of coal will produce more gas or richer gas than others, 
the richness of a gas being measured by the amount of heat 
that can be obtained by burning it. But every coal will produce 
by carbonization some combustible gas. 

The existence of these two separate industries and the fact 
that they are separate leads to a number of anomalies in the 
use of fuel. Thus the carbonization of coal and the production 
of coke and gas itself requires heat to maintain the process. 
The gas industry could of course use part of its own gas to 
produce this heat, but as it tries to sell as much town's gas 
as possible, it prefers to use a cheaper product, known as pro- 
ducer gas, to fire its gas retorts. On the other hand, the coking 
industry is not interested in selling gas, so it uses a part of 
its 'coke oven gas' to heat its coke ovens and part to fire its 
boilers, and as it has more gas available than it can use econom- 
ically, it uses it uneconomically, just to get rid of it. Only in 
a few cases are there agreements between gas companies and 
coking works for spare gas to be turned over from the coke 
ovens to the gas mains. 

The gas industry produces as much gas as possible, but in 
doing so it also produces more and more coke. For every 
ton of coal carbonized, rather more than half a ton of coke 
is made. The gas industry therefore has to find ways and means 
of disposing of its coke. It tries to sell it to industrial and 
private consumers, but, as is well known, coke does not burn 
well in the ordinary grate, and it is too expensive for most 
industrial heating purposes. Some boilers are fired with coke, 
especially for central heating of houses and factories. But 
coke is too dear to be used on a large scale for power pro- 
duction. The problem of disposing of the coke is therefore 
the chief bugbear of the gas industry, and various ways and 
means have been tried to solve the problem. One of these is 
the production of water-gas, which we shall deal with presently 
in the next section. 

In the period immediately prior to the war, about 19 
million tons of coal were carbonized in the gas industry and 
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about 18 million tons in the coking industry annually. One 
ton of coal in the coke industry yielded about 12 cwt. of coke, 
and in the gas industry it gave about 10 cwt. All the British 
mines together produced nearly 228 million tons of coal in 
1938. This means that just over 16 per cent of all the coal 
mined in Britain was carbonized at home. 

Of the gas made almost all was burned for heating and 
lighting for domestic, industrial and municipal purposes. 
Only a very small amount of gas was burned in gas engines 
for the production of mechanical power. 

Gasification 

The fact that carbonization produces gas and coke simul- 
taneously and that it is impossible, except within very narrow 
limits, to produce more gas and less coke, or less gas and more 
coke, is what we mean when we say that this process is 
"inflexible'. In a society in which the demand for various pro- 
ducts varies widely from year to year and even from month 
to month, flexibility is a very important advantage. This is 
particularly vital in an industry like the gas industry, where 
the coke, a product made in large quantities, is difficult to 
get rid of. 

Processes have therefore been devised for obtaining various 
gases from coal without at the same time making coke. These 
processes are known as 'gasification' as distinct from carbon- 
ization. They enable the whole of the coal to be turned into 
gas, with the exception of a small amount of ash, but the gas 
obtained is not as good as town's gas and cannot be usefully 
employed for domestic heating and lighting, because it is not 
rich enough. However, this gas is useful for various forms of 
industrial heating and it is also used occasionally for generating 
steam for engines. 

There are several methods of gasification, most of which 
consist in passing air and steam over glowing coal or coke. 
Different gases are obtained according to the relative amounts 
of steam and air used. If only air is used without any steam, 
the resulting gas is called producer gas. It has been employed 
during the war for producing mechanical power in buses and 
some cars. It is a very weak gas because the air used in making 
it contains a large proportion of nitrogen, which does not 
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burn and merely serves to dilute the gas. But it is very cheap 
and useful for many purposes. 

If only steam is used without any air, the resulting gas is 
called water-gas. Water-gas is usually made from coke and 
not directly from coal. It is richer than producer gas, but not 
as rich as town's gas or coke-oven gas. It is rather dangerous 
to handle as it contains a large amount of carbon monoxide, 
which is very poisonous. The following table shows roughly 
the amount of heat that can be obtained from a cubic foot of 
some of the more important gases: 

Type of Gas B.T. U./Cb. ft. 

Low-temperature Gas x 780 
Town's Gas . . . . 570 
Coke-oven Gas . . 540 
Water Gas . . . . 300 
Producer Gas . . 130 

For many purposes it is an advantage to burn gas instead 
of coal. It is clean, smokeless and easy to distribute in pipes. 
The flame can be regulated at will and started up and put out 
at a moment's notice. Gases would be used much more for 
all kinds of industrial heating if they were sufficiently cheap, 
but it is difficult to make gas very cheap when it has to carry 
the cost of the coal from which it is made. No doubt coal 
itself could become much cheaper with better organization and 
more up-to-date methods of coal-mining; but as long as the 
coal has to be cut, loaded and brought to the surface from a 
depth of several thousand feet, the costs are bound to be 
heavy. 

Is it really necessary to bring the coal to the surface in order 
to turn it into gas? Several scientists have suggested that gas 
could be made in the pit itself without mining the coal at all, 
and this has now been tried with some success in Russia. After 
a great deal of experimental work had established that such 
a scheme was workable, the Russians have built several 
industrial plants for the underground gasification of coal, 
which are supplying combustible gas to nearby factories for 
steam-raising and other purposes. 

1 Produced by carbonization at lower than usual temperatures in the 
manufacture of " coalite ". 
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It has been found unnecessary to sink shafts for underground 
gasification. In the latest plants, only bore-holes are drilled 
from the surface to the seam. Usually a number of con- 
centric rings of holes are drilled some 30 feet apart with 
one hole in the centre. At the beginning all the holes are 
sealed except the central hole and the innermost ring. 
Air and sometimes steam are driven down the central hole. 
The coal is ignited electrically at the bottom and the gas 
is drawn off through the holes of the inner ring. When 
all the coal in the centre is consumed, the central hole is 
sealed up and the air admitted to the boreholes of the inner 
ring. Gas is then removed from the next ring of holes, and 
so on. 

The gas made is generally a form of producer gas yielding 
about 180 B.T.U. per cubic foot, but various improvements 
have given gases up to 300 B.T.U. per cubic foot and even 
higher. It is usual to pump down air in which the oxygen 
content has been artificially increased. This makes the gas 
richer and also raises the gasification temperature. 

Many difficulties had to be overcome before this process 
proved economical and even to-day it is only in its infancy. 
It is probably not suited to every kind of seam and it would 
be wrong to assume that it is going to do away with coal- 
mining altogether. But it is already producing gas at one- 
quarter its former cost and many former miners are able to 
transfer to healthier and less hazardous occupations. 

It is expected that gas produced by underground gasifica- 
tion of coal will be used extensively for generating electrical 
energy and thus for producing mechanical power, as well as 
for industrial heating in the chemical industry. 

Of the 178 million tons of coal consumed in Britain in 
1938, about one-third was used for industrial heating and 
various odd purposes lumped together as 'general manufac- 
tures'. Rather over one-fifth was used for domestic heating. 
The remainder just under half the total consumption was 
distributed in the following order: 

Gasworks 104% 

Power Stations 8-5% 

Blast Furnaces and Iron Works 10-6% 
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Locomotives 7-1% 

Colliery Engines .. .. 6-8% 

Coastal Shipping . . . . 0-7% 



44-1% 

The coal used for long-distance shipping is not included in 
this list as it is counted as exported coal and not as a part of 
home consumption. 



This picture shows some of the ways in which coal is used. The coal, which is 
symbolized by the pit-head at the top of the picture, goes through one of the 
three processes known as COMBUSTION, CARBONIZATION and GASIFICATION. 
The flames at the side show how, at every stage of the transformation, heat 
is developed. To understand the picture, note that the kettle signifies steam, 
the lightning flashes mean electricity, the gas-holders denote gas, and the three 
test-tubes are the symbol for chemicals. The girder at the bottom of the picture 
stands for steel, the bulb and the gas mantle mean electric light and gas light, 
and the two cog-wheels stand for work. To make the picture perfectly logical 
and symmetrical, we ought to consider steel as part of chemicals ; but ft is 
more usual to take it separately 



Chapter Six 

OIL AND CHEMISTRY 

COAL has come to be considered primarily as a source 
of heat and power. All the other manifold things that 
are obtained from coal are labelled rather contemptuously as 
* by-products'. The only exception is metallurgical coke, 
which has achieved a somewhat superior status. 

With the development of the chemical industry, tar and 
benzol have risen considerably in importance as a vast source 
of chemical raw materials, and the 4 by-product industry' has 
grown to be an important sphere of industrial activity. Perhaps 
the time will come when the epithet 'by-' will disappear and 
the part played by coal as a chemical material will be recognized 
as on a par with its role as a source of thermal and mechanical 
energy. 

The heat generated from coal, which makes it a source of 
power, is due to a chemical reaction between the oxygen of 
the air and the constituents of the coal, mainly carbon and 
hydrogen. The chemists call this oxidation. When a pound 
of carbon is burned or oxidized, producing carbon dioxide 
gas (CO a), 14,500 B.T.U. of heat are given off. Similarly 
the combustion or oxidation of a pound of hydrogen 
gas gives off 24,000 B.T.U., and the hydrogen burns to 
water. 

Apart from free carbon, coal contains a number of com- 
pounds consisting of carbon and hydrogen, several sulphur 
compounds and some substances that do not react with oxygen 
at all but remain over as ash after the others have burned away. 
When compounds of carbon and hydrogen are burned, the 
heat given off is somewhat less than would be the case if they 
were separate, as some of the heat is absorbed in tearing the 
compounds apart. 

Combustion, or the oxidation of hydrogen and carbon and 
their compounds, is just one very common type of chemical 
reaction among the many that have been studied by the 

66 



OIL AND CHEMISTRY 67 

chemists. What distinguishes it from other chemical reactions, 
apart from the great amount of heat developed, is that we are 
interested primarily in this heat while the products of the 
reaction, water and carbon dioxide, do not particularly concern 
us. In most chemical reactions, it is the products that matter 
and the heat is just a 'by-product' of the process and frequently 
undesirable. All chemical reactions are connected with the 
development or absorption of heat, though these thermal 
effects are sometimes quite small. 

The chemists have been able to unravel a huge number of 
reactions and to arrange for them to take place in an orderly 
way, thus producing artificially many substances which are 
rare in nature or which do not normally occur at all. They 
have thus greatly increased the scope of materials at our dis- 
posal. A vast number of everyday things, of which plastic 
buttons and rayon stockings are just two typical examples, 
are produced 'synthetically' by chemists, who have established 
the conditions under which the necessary reactions will take 
place. 

The chemists have found that all the objects we know in 
the world are composed of atoms, or very small particles, of 
which there are rather over ninety kinds. These atoms com- 
bine with one another in particular ways to form little groups 
or molecules. Every pure substance consists of a very large 
number of identical molecules, each of which is a particular 
group of atoms arranged in a particular pattern. Thus the 
molecules of water each consist of two hydrogen atoms and 
one oxygen atom, and the molecules of carbon dioxide con- 
tain one carbon atom and two oxygen atoms. The ninety-odd 
substances consisting each of atoms of the same kind are 
called elements, and carbon, hydrogen and oxygen are three 
of these elements. All pure metals, such as iron, copper and 
gold, are also elements. But some of these elements are very 
rare and most of the substances that we know contain only a 
few of all the known elements. 

The chemists have given names and simple symbols to each 
of the elements and their combinations or compounds are 
described by listing the symbols of the elements of which they 
consist and adding small subscript numbers to show how 
many of these atoms are contained in[ one molecule. Thus 
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a molecule of water is written H 2 O, H being the symbol 
for hydrogen and O for oxygen. The number 2 means that 
there are two hydrogen atoms in each molecule. Similarly 
pure rock-salt is called NaCl, which means that the 
molecule consists of one atom of sodium (Na) and one atom 
of chlorine (Cl). 

Most atoms will combine with others in all manner of ways, 
but the carbon atoms are by far the most versatile. The 
number and complexity of their combinations with other 
atoms, especially with hydrogen and oxygen, is so immense 
that a whole field of science, known as Organic Chemistry, 
has developed around them. This name was chosen because 
almost all the substances that go to make up vegetable and 
animal organisms are compounds of carbon with other 
elements. 

In organic chemistry, and to a lesser degree in other chemical 
fields, we cannot be satisfied with the symbols for the molecules 
that simply tell us how many atoms of each kind the molecule 
contains. Many different substances can contain the same 
atoms and the same number of each in their molecules, because 
the nature of the substance depends not only on the number, 
but also on the arrangement of the atoms. The chemists 
have therefore introduced further signs giving the arrangement 
of atoms in the molecules. These cannot be explained here in 
full, but they will be used sparingly where necessary with 
suitable explanations. 

When we realize that most molecules are so small that not 
even the strongest microscope can detect the individual speci- 
mens, it is an amazing feat of chemistry to be able to tell us 
not only the composition, but even the shape and atomic 
arrangement of many thousands of varieties. 

If we were confining ourselves to discussing coal as a source 
of heat and power, this brief introduction into the field of 
chemistry might have been omitted. We might have been 
satisfied in calling all the products of coal besides heat and 
power by-products and have left it at that. But what might 
have been possible, though hardly justifiable, in speaking of 
coal, is quite certainly impossible when we come to oil, the 
source of power for our cars, lorries and aeroplanes. There 
are no 'by-products' of oil, but only products. From time 
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to time one product looms particularly big and important and 
others fade into the background, but soon the relative import- 
ance changes, as ever new uses of oil are discovered and 
developed. It would be a very narrow approach indeed to 
consider petroleum merely as the raw material for diesel oil 
and motor spirit. Oil is rapidly becoming the world's most 
vital chemical raw material. 

The greatest producers of petroleum or mineral oil are the 
United States, Russia and Venezuela, with the U.S.A. well to 
the fore. In the years immediately preceding 1939 well over 
60 per cent of the world's total of oil production was con- 
centrated in the United States. The Soviet Union produced 
about 9 per cent and Venezuela about the same. 

Considerable quantities of oil also come from Iran, Iraq 
and Burma, as well as Poland and Rumania and from some 
other sources of purely local significance. Only negligible 
amounts of oil have been found in the countries of western 
Europe and it is unlikely that much oil will be discovered in 
this part of the world. On the other hand new fields are 
continually being found in America, in the Middle East, and 
in the Asiatic parts of the U.S.S.R. 

It has frequently been stated that the world's resources of 
oil will soon be consumed, but the only truth in this appears 
to be that some time in the course of the next few centuries 
this will probably happen. With the up-to-date methods of 
oil-prospecting the 'proven reserves', i.e. the amount of oil 
known to exist, are increasing very quickly. The enormous 
wastage which characterized earlier oil developments is being 
greatly reduced and it is quite impossible to foretell how 
the demand for oil will vary in the near future. All we 
can say is that during our own lifetime it will very probably 
increase. 

Mineral oil consists almost entirely of a mixture of countless 
compounds of hydrogen and carbon. A few of these hydro- 
carbons can be isolated as pure chemical substances, but in 
general, all that is possible is to separate the oil into a number 
of 'fractions', each of which contains a limited though still 
a very large number of components. These various fractions 
have definite though somewhat variable properties, and each 
has its particular uses and applications. 
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An atom of carbon tends to combine with 4 atoms of hydro- 
gen and when it has done so, it prefers to remain in that state, 
and will not easily react further. 

However, the carbon atom is quite satisfied if it can attach 
itself to 3 hydrogen atoms and to another carbon atom, 
provided that atom has also picked up 3 atoms of hydrogen. 
In the same way, any number of carbon atoms can attach 
themselves to one anpther, so long as there are sufficient 
hydrogen atoms to keep them fully engaged. In this way 
long chains can be built up, each consisting of many carbon 
and hydrogen atoms, and each constituting a single molecule. 
They can be described graphically like this: 
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These * Straight-chain Hydrocarbons' are known as Par- 
affins. A great number of them occur in most crude petroleum. 
Characteristic for them, apart from their straight configuration, 
is that every carbon atom has all its four ' fingers ' fully engaged. 
It is said to be saturated, which means that it has no very 
strong inclination to change its condition. 

Most oils, especially those from Russia and Rumania, 
contain a number of so-called Naphthenes. These are also 
saturated hydrocarbons, but instead of being straight chains 
they are bent round into rings, as shown below. 
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But petroleum does not contain only saturated hydro- 
carbons. Quite frequently the carbon atoms have not been able 
to engage all their 'fingers'. In what are called Olefins the 
carbon atoms have a finger to spare. The simplest example of 
an olefin is ethylene, which can be described like this. 

H H 

Ethylene | | 

C 2 H 4 C=C 

I I 
H H 

The two dashes between the two carbon atoms indicate that 
each still has a free "finger 9 , and this means that the molecule 
will tend to disintegrate and change into something else if 
given the opportunity. This does not necessarily imply that 
all olefins are very unstable, but it does mean that they are 
more likely to react chemically than paraffins or naphthenes, 
and it is not chance that the olefin constituents of oils are 
those most sought after by chemical industry. 

Oil also contains some unsaturated ring compounds, which 
are known as Aromatic s. The simplest of these is benzene, 
which consists of 6 carbon atoms and 6 hydrogen atoms so 
arranged that they can best be described by the following 
picture: 
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Crude oil contains a variety of most of these types and many 
others besides, and should a particular type which is desired 
not be contained in the crude, it is usually possible to produce 
it from the oil by subjecting it to some treatment. The con- 
stituents contained in oil can be varied almost at will and their 
concentration increased and decreased by well-established 
methods of chemical treatment. 

Some of the constituents of oil are very volatile, that is 
to say they boil at quite low temperatures, in some cases well 
below the boiling-point of water. Others boil at much higher 
temperatures and others again cannot be boiled at all as they 
will disintegrate before they reach their boiling-points. It is 
this difference in the boiling-points that enables oil to be 
separated into different fractions. When the oil is heated, 
the more volatile constituents boil off first and can be con- 
densed by cooling in a separate vessel. As the temperature is 
raised further, other components boil off and can be similarly 
treated. This process is known as fractional distillation, and 
it has been developed by the oil industry to such an extent that 
very accurate 'cuts' can be made between the various fractions. 
These are described best by their boiling range, which means 
that the particular fraction will begin to boil at a certain given 
temperature and will have boiled away completely when a 
second given temperature is reached. The principal fractions 
obtained by distilling crude oil are the following, the most 
volatile being placed first: 
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Petrol, Gasolene or Motor Spirit 

Kerosene or Lamp Oil 

Gas Oil and Diesel Oils 

Lubricating Oils 

Fuel Oils 

Vaselines and Greases 

Waxes 

Asphalt Residue. 

Some of these names will sound quite familiar and it will 
be perfectly clear what the main field of application is. Thus 
motor spirit and Diesel oils will concern us most here as they 
are used primarily for power production. The importance of 
lubricating oil and grease in power machinery is also obvious. 
Furnace oils can, of course, be used for raising steam, though 
whether this is economical will depend on the conditions. 
The demand for kerosene has been decreasing in recent years 
as oil lamps and kerosene stoves and cookers are now used 
only in areas far removed from the centres of urban life. 

The first bore-holes drilled specifically for oil go back to 
the middle of the last century. One of the first historic wells 
was that of Colonel Drake in America in 1859. In those days 
the principal object in drilling for oil was to obtain a good 
and cheap fuel for lamps. The Industrial Revolution in 
Britain and its sequels in other countries had completely over- 
turned the old order in which men went to bed at dusk and 
rose at dawn. The working day in English factories in the 
1850's was 12 to 14 hours, summer and winter. Even the 
unfortunate workers of those days could not work efficiently 
in the dark. At the same time it became necessary to develop 
education; men and women learned to read and write and 
wished to employ such leisure as they had making use of their 
new knowledge. There was a crying demand for light and 
every effort was made to turn the night into day. At that time 
only whale oil was available for lamps, apart from the inade- 
quate wax candle, and this was far too scarce and expensive 
to satisfy the new needs. And so the oil rush began, which 
earned some people fortunes and drove many more into 
bankruptcy. 

In those days kerosene was the most coveted product of the 
oil industry. Everything else was a by-product and not very 
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useful. Most of the oil was burned in a most uneconomical 
way. And as the demand for lamp oil grew and grew, greater 
and greater quantities of the other oil fractions were thrown 
on the market, a market which could not absorb them because 
no one needed them. Only about one-fifth of the crude oil 
was kerosene. All the rest was practically waste. The demand 
for lubricating oil was small, as the Machine Age had only 
just started. 

The use of fuel oils for steam-raising on ships was able 
gradually to absorb a further portion of oil products. Oil 
is easier to store than coal since it is a liquid and can be filled 
into tanks. It is a much quicker operation to fuel a ship with 
oil than with coal. These and some other advantages make up 
for its somewhat higher cost. Though this disposed of a large 
proportion of the heavier fractions of distilled petroleum, the 
volatile fractions boiling at lower temperatures than kerosene 
were still being wasted. 

This growing problem was solved by the petrol engine. It 
was not just a lucky accident that the petrol engine happened to 
be invented at the right moment. The petrol engine was invented 
because it was needed to make use of the existing cheap fuel. 

Within a few years of the appearance of the first motor car, 
the position had completely changed. The demand for 
kerosene fell, first with the development of gas lighting and 
soon with the introduction of electric light. And the demand 
for gasolene grew and grew, until it led to quite a similar 
problem to the one which the petrol engine had solved. More 
and more gasolene was required for cars, lorries, buses and, 
later for aeroplanes. Again only about one-fifth of the oil 
could be gained in the form of motor spirit. Again all the 
other products became a drag on the market. 

The Diesel engine, which for the first time enabled relatively 
heavy oils to be used for power production, was a part solu- 
tion of the problem, but the fact remained that, at that time, 
the oil industry, just like the coke and gas industries, was not 
sufficiently flexible to adjust itself to a varying demand. The 
production of the main product was always accompanied by 
the production of large quantities of unwanted by-products. 

The real solution was the invention of 'cracking'. It was 
found that, by treating the oil at high temperatures and high 
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pressures, its composition could be greatly changed. The 
big heavy molecules which composed the kerosene and furnace 
oil were broken up, 'cracked' into the smaller and lighter 
molecules of the motor spirit. By cracking the percentage of 
crude oil which could be obtained in the form of motor spirit 
was vastly increased, from a fifth to nearly a half. It was also 
found that these cracked oils were much better engine oils 
than most of those obtained by ordinary distillation. They 
contained fewer paraffins, which easily lead to engine knock, 
and more of the other forms of hydrocarbons, which lead to 
smooth running of the engines. 

In recent years cracking processes have been developed to 
such an extent that an almost unlimited variety of fractions 
can now be produced from crude oil. By varying the tem- 
perature and the pressure, the amount and composition of 
the hydrocarbon mixtures can be changed at will to suit the 
most varied requirements. The introduction of certain sub- 
stances into the cracking furnaces which do not enter into the 
oil products at all but merely influence the direction of the 
various chemical reactions has still further extended the scope 
of these products. These substances are known as catalysts, 
and ' catalytic cracking 9 has become a very important process 
for producing groups of compounds which were not present 
in the original crude and which would not be formed at all, 
or only in very small quantities, but for the presence of the 
catalysts. Finally a further range of products can be obtained 
by introducing hydrogen gas into the furnaces, which will 
combine with many of the substances and form new hydro- 
carbons not previously present. 

The simplest and lightest hydrocarbons are gases at ordinary 
pressures and temperatures. Some of them are generally 
present in crude oil dissolved in the liquid and their effect is 
to give the oil a high vapour pressure. The most volatile 
constituents have to be removed by distillation before the 
petrol fraction can be used. Very large quantities of gas 
consisting of light hydrocarbons are almost always present in 
contact with the oil in the wells, frequently under a high 
pressure. Formerly this gas was entirely wasted and its 
pressure in new wells often led to them getting out of control 
and to the loss of large quantities of oil. To-day a large part 
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of this gas is utilized and its pressure plays an important 
part in working the wells. Apart from the gas associated with 
oil in wells, vast sources of gas have been found in many places 
where there is very little oil or no oil at all. But just as the 
heavy hydrocarbons of oil contain some light ones dissolved 
in them, so the light hydrocarbons of the 'natural gas' fre- 
quently contain some heavier constituents as vapours. In 
many cases it is worth while treating the natural gas for the 
removal of oil. Gases containing more than a gallon of oil 
per thousand cubic feet are known as 'wet gases' and the 
quantities of gas are so great that their oil yield is very 
considerable. 

Apart from the oil vapour contained in the natural gas, the 
gas itself has a number of uses. One part of it can be readily 
liquefied at ordinary temperatures and quite low pressures and 
is used as 'bottle gas' or 'calor gas' instead of town's gas in 
many rural areas. In many parts of the U.S.A. and Canada 
natural gas is piped to the cities and used for heating, cooking 
and lighting. In the U.S.A. alone there are 81,000 miles of 
pipe-line for natural gas. In Canada and the U.S.A. the 
consumption of natural gas is greater than that of town's 
gas. In Russia a pipe-line has recently been laid from a large 
source of gas on the banks of the Volga to Moscow some 
800 miles away. 

In 1940 the entire world output of oil was 2,147 million 
barrels. A barrel is 42 gallons and this output is equal to 
about 350 million tons per annum. 

In 1938 Britain imported 11-7 million tons of oil and oil 
products. Of these only 2-2 million tons consisted of crude oil. 
4-75 million tons were in the form of petrol and 2-86 million 
tons were fuel and Diesel oils. The remainder was made up of 
gas oil, lubricating oil and kerosene. About 8 million tons of 
this oil were used for generating mechanical power in cars, 
lorries, tractors, ships, aeroplanes and stationary engines. 
During the war years no figures have been published, but it 
is not hard to guess that our oil imports were prodigious and 
we know pretty well what they have been used for. 

The use of oil in ships, both for steam-raising and in internal 
combustion engines, has completely revolutionized the ship- 
ping industry. In 1939 the gross tonnage of all the merchant 
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fleets in the world was 68,509,432 tons. Of these ships 
37,494,363, that is rather over half the tonnage, were oil- 
fired. Of the oil-fired ships a tonnage of 16,918,687 was in 
the form of motor ships, driven by Diesels or similar engines. 
The remainder, 20,575,676 tons, was steam-driven and oil-fired. 
It will be noted that most of the refining is still done abroad. 
Only 19 per cent of our oil products were refined at home from 
imported crudes. This has a bad effect on our trade balance 
and deprives us of a very valuable industry which could yield 
many important chemicals. It is to be hoped that this situa- 
tion will be remedied in the near future. 



Chapter Seven 

ELECTRICITY 

Wholesale and Retail Power Distributor 

WHEN a coil of wire the ends of which are connected 
together is thrust rapidly into the space between the 
poles of a horseshoe magnet, an electric current will flow 
through the wire. It will flow for a brief moment only while 
the coil is being moved and will stop as soon as the coil is 
at rest between the pole pieces, but it will flow again in the 
opposite direction while the coil is being drawn out again. 
The strength of the current depends on the strength of the 
magnet, on the speed at which the coil is pushed in and out 
and on the length, thickness and material of the wire which 
forms the coil. If the ends of the coil are connected over a 
long loop of wire, the current will flow through the entire 
loop and can thus be conducted over a long distance. The 
same results are obtained if the coil is pushed around a 
straight, rod-shaped magnet, or if the coil remains stationary 
and the magnet is moved. 




When a coil of wire the ends of which are connected together is thrust 

rapidly into the space between the poles of a magnet, an electric current 

will flow through the wire 

An electric generator is a device for continually pushing 
magnets in and out of coils, or coils in and out of the space 
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between the poles of magnets, in such a way that current is 
made to flow all the time. Since the current flows in opposite 
directions when the magnets and coils approach and leave 
each other, it will in general be an 'alternating' current 
(a.c.). In British generators the current changes its direction 
100 times every second. For many applications of electricity 
the direction of the current is immaterial and therefore 
alternating current is just as good as 'direct' current which 
flows in the same direction all the time. 

The magnets used in electric generators are usually not 
natural but electromagnets; they consist of iron rods connected 
on a 'yoke' with coils of wire wound around them. These 
coils are not the same as those which move to and away from 
the magnets. They are special coils through which a relatively 
small electric current flows, which is supplied from another 
source or partially from the generator itself. This current 
magnetizes the iron, which then behaves like a very strong 
natural magnet. The electric energy needed to magnetize the 
iron is much smaller than what the generator produces. 

The 'rotor' of a generator, which carries the coils or the 
magnets, is generally driven by a turbine on the same shaft 
as the rotor. The turbine itself may be driven by water power 
or by steam. The electric current set up in the coils generates 
a force which counteracts the motion of the rotor. This 
'electromagnetic' force, which was mentioned in Chapter One, 
has to be overcome by the engine driving the generator. 
In this way the engine does work and its mechanical energy 
is transformed into electrical energy. 

When an electric current is passed through a coil, it will 
cause a magnet, when placed in the vicinity, to move into the 
coil. If the direction of the current is reversed, it will drive 
it out again. A device by which electric currents in coils 
drive magnets in and out in such a way that a continuous 
rotary movement results, is called an electric motor. The 
'rotor' of an electric motor can be connected to any piece of 
machinery, either on the same shaft or by 'belt-drive' or 
by cog-wheels, and can be made to do work. In this way 
electrical energy can be converted into mechanical energy, 
into energy of motion. 

An electric motor is the opposite of an electric generator. 
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In the latter the rotor is driven by an external source of power 
and the result is an electric current; in the former an electric 
current is fed into the motor and, as a result, the motor does 
work. The generator converts mechanical energy into electrical 
energy, the motor transforms electrical energy into mechanical 
energy. Apart from differences in the details of design, a 
generator and a motor are the same machine. If we were to 
send a current through the coils of a generator, it would act 
as an electric motor and if we were to drive the electric motor 
by steam or water power, it would generate electricity. How- 
ever, owing to the differences in design, the motor would be 
a very inefficient generator and the generator a most inefficient 
motor. 

Everybody has at some time or other seen an electric motor. 
Electric motors are plentiful in every engineering shop, driving 
lathes, milling machines, drills, etc., in every carpenter's shop 
on saws and planes, in the chemical industry driving pumps 
and compressors, and in household equipment such as vacuum 
cleaners. Persons who have not come into contact with 
electric motors in any other connection will at least have 
unpleasant memories of them in connection with the dentist's 
drill. 

However, few people who have not actually worked in a 
power station have ever seen an electric generator. These are 
usually kept hidden away from the public gaze and their 
existence tends to be forgotten. It is therefore useful to bear 
in mind that, wherever we see an electric motor in action, 
there is always a generator somewhere at the other end of it. 
This does not mean that every motor has its generator. 
Generators are usually very big affairs consuming many 
thousands of horse-power, while motors may be any size from 
one-fiftieth of a horse-power upwards. But all the electricity 
consumed by electric motors is, somewhere or other, produced 
by electric generators. There is nowhere else for the electricity 
to come from. Motors and generators are just as inseparable 
as Marks and Spencer or the Heavenly Twins, though the 
twins are sometimes of very different sizes. 

Electricity is thus seen, not as a source of power, but as a 
convenient method of power transmission and distribution. 
It is quite a job to lay a belt-drive from a steam engine in 
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ELECTRICITY IN THE HOME 



one room to a piece of machinery in the next room. The 
belt takes up a lot of room and it is liable to break and cause 
unpleasant injuries. But it is quite easy to lay a cable from a 
generating station in Battersea to a factory in Wandsworth, 
or from a 'point' in Clarendon Road to all the bedrooms 
and sitting-rooms in Victoria Crescent. It is much easier to 
conduct electricity along wires than coal along railway lines. 
With the aid of 'transformers', overhead cables and 'grids', 
of which we shall have more to say later, a source of power, 
such as coal, in one part of the country can drive machinery 
and light homes and factories in another part of the country, 
saving immense quantities of transport and human labour. 
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Generated with a relatively high efficiency at some central 
point, electricity branches out into the countryside and is 
re-converted into mechanical energy in many thousands of 
small units. The conversion of thermal and mechanical 
energy into electrical energy, its distribution and its re- 
conversion into useful work are one of the most important 
and characteristic features of our civilization. Without 
electricity the world would be very different from what it is 
to-day. 

If you connect a torch battery with your vacuum cleaner, 
you will find that the ' Hoover' will not go, and you will wisely 
conclude that such a battery has important shortcomings as 
a generator of electric power. You will probably say that the 
torch battery is too 'weak', and, if you do not happen to be 
a member of the 'trade', you may well leave it at that. But 
what does it mean when we say that a battery is 'too weak'? 
Does it mean that it will not produce a strong current? If 
we connect the two ends of the battery with a piece of copper 
wire, a very strong current will flow through the wire, and we 
can test this with an instrument. The current may be much 
stronger than that required to drive the vacuum cleaner. 
True, the battery will soon be used up, but that is another 
story. The battery will not be used up if we leave it connected 
to the 'Hoover* for quite a long time, and yet it will not clean 
the carpet. 

Any source of electricity will produce as strong a current as 
we like if we give the current a sufficiently easy passage, say 
a thick copper wire, sufficiently short to offer no considerable 
resistance. But through a given wire one source will send a 
big current and another a much smaller current. It is this 
differing capacity of sources of electricity to send big or little 
currents along the same path, that we call voltage. The 
higher the voltage, the greater the current if the path is the 
same. It is because the various municipalities and companies 
in England produce electricity at different voltages that we 
frequently have to change our bulbs, vacuum cleaners and 
radio sets when we move from one place to another. 

If we want to know the power of an electric motor, that is 
to say the amount of work it can do in a certain time, we have 
to know the size of the current flowing through the coils of 
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the motor and the voltage at which the electricity is supplied. 
The voltage is measured in 'volts' and the current in 'amperes' 
or 'amps'. If we multiply the number of volts by the number 
of amps, we get the actual power in 'watts'. The current 
flowing in the motor of a vacuum cleaner is about 1 amp. 
with a voltage of 220 volts. That means that the power 
consumption is 220 watts, about twice as much as is consumed 
in a large electric bulb. One thousand watts is called a kilowatt 
and the mechanical power which this produces is just over 
1J h.p. This means that the work done by a Hoover is just 
over J h.p. 

When we pay our electric light bill or put our shillings in 
the meter, we are paying for the amount of energy used in a 
given time. Just as mechanical power is measured in horse- 
power and mechanical work in horse-power-hours, so the same 
power expressed in electrical units is measured in kilowatts 
and the energy itself in kilowatt-hours. One kilowatt hour 
expresses the same amount of work as 1^ horse-power-hours. 

On our electric bills kilowatt-hours are usually just called 
'units', and we may be paying anything from d. to 6d. per 
unit, according to where we live or to the kind of agreement 
we have with the suppliers. Many companies and municipal 
undertakings charge different prices for light and 'power'. 
Some people think that there are two different kinds of 
electricity, one for light and the other for power, but this is 
not the case. The electricity is always the same except that 
the power supply generally has thicker cables and larger 
switches for reasons that will be explained presently. If we 
use a large electric heater on a light switch, we may burn a 
fuse, but if we plug a reading lamp onto a power switch it 
will burn just as well as on the light switch. We may, however, 
have a row with the suppliers if we have an agreement with 
them to pay a higher price for light than for power. Electric 
heaters and motors use much more energy than electric-light 
bulbs and would normally be rather expensive to use. In 
order to induce their customers to make use of them, the 
electric suppliers often lower the price of 'power' below the 
economical figure and make up for it by charging more for 
light. For most people electric light ranks as a necessity 
while heaters and motors are considered a luxury. So they are 
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prepared to 'pay through the nose' for light, but not for 
'power*. 

A wire becomes hot when an electric current flows through 
it. This is sometimes very desirable as in the case of cookers, 
heaters and electric bulbs. But when the wire is merely used 
to transport electric energy from one place to another, this 
heat is just a dead loss. The electrical energy which is to be 
converted into mechanical energy is turned into useless heat 
instead. Measures have to be taken to reduce this heat as 
far as possible. 

The amount of heat generated in a wire or cable depends 
on the thickness of the cable and on the material of which it 
is made. In a thick wire less heat is developed than in a thin 
wire. We say that the thin wire has a higher 'resistance' to 
the electric current. Less heat is developed in a copper wire 
than in a steel wire, and that is why electric cables are almost 
always made of copper although iron is cheaper than copper. 
But principally the heat depends on the size of the electric 
current flowing through the wire and increases very rapidly 
as the current increases. 

Now we have seen that the amount of electric energy 
transported along a wire in a given time is equal to the current 
times the voltage. So we can either use a high voltage and a 
low current or a low voltage and a strong current to transport 
the same energy in the same time. If we use a high voltage 
and a low current, the cable will be heated up less than if we 
use a low voltage and a strong current. If we want to reduce 
the losses incurred by heating up the cable, it is therefore best 
to use as high a voltage as possible. Then even a fairly small 
current will transport a large amount of electric energy. 

On the other hand, high voltages are dangerous as they 
lead to very unpleasant shocks if someone puts his fingers 
between the terminals. The human body conducts electricity 
fairly well, especially alternating current, and it is very un- 
healthy to send strong current through ourselves. It is not 
considered safe to have voltages above 250 volts about the 
house, particularly when we realize that not only the children 
but usually most of the adults also know very little about 
electricity. In factories and other industrial establishments, 
where large amounts of electric power are used and where 
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the machines are in the hands of skilled persons, higher 
voltages are permissible and 400 volts is an average figure. 
This enables lighter cables to be used than would be the 
case with lower voltages and also reduces the sizes of the 
motors. In underground railways and similar undertakings, 
where the electric fittings are permanently fixed and well out 
of the way of the general public, even higher voltages are 
the rule. 

For the transport of electric energy over long distances, 
where the losses incurred through heating up the cables would 
be relatively very great, much higher voltages are used. The 
main British electric grid works at 132,000 volts. The voltage 
here is limited only by the strength of the insulators, which 
prevent the electric current from running down the pylons 
into the ground, and by the conductivity of the atmosphere 
which, especially in a damp climate, can lead to considerable 
losses. Most people will have seen occasionally displays of 
fireworks on damp nights from overhead transmissions. 

If so many different voltages are used for various purposes 
there must be some simple means of changing the voltage of 
electric energy somewhere on the way from the producer to 
the consumer. This is indeed the case, and the 'transformer' 
is a very frequent piece of equipment in electricity distribution. 
Its principles are very simple indeed and can be explained 
briefly in the following way: 

If two separate coils of wire are wound on one iron ring, 
or are mounted one on top of the other on a bar of iron, then, 
if an alternating current flows through one coil, a similar 
current will flow through the other. If the transformer is 
well and efficiently designed, almost all the energy passed 
through the ' primary' coil will be transferred to the ' secondary' 
coil. However, the current and voltage in the two circuits 
need not be the same at all. This will depend on the number 
of turns in the two coils. If 200 volts are applied to a primary 
coil with 100 turns, and if the secondary coil has 1,000 turns, 
then the voltage generated in the secondary coil will be 
2,000 volts. At the same time the electric energy transported 
by the coils will be the same. As this is measured by voltage 
times current, it follows that the current in the secondary coil 
will be smaller than that in the primary one. If, in the example 
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here given, 10 amps, flow through the primary coil, then the 
current in the secondary coil will be 1 amp. 

The transfer of energy from one coil to the other in a trans- 
former is effected through the medium of the iron 'core', 
which becomes magnetized by the primary current and thereby 
'induces' an electric current in the secondary coil. As the 
current is alternating the magnetization of the core changes 
its direction 100 times in a second. A certain amount of 
energy is lost in this process which tends to heat up the iron. 
The losses can be reduced by breaking up the core into a series 
of thin iron strips, pressed together with thin insulating layers 
between the strips. At the same time, the changes in magnetiza- 
tion in the core lead to rapidly changing mechanical stresses 
in the iron which cause very small and rapid pulsations. 
These pulsations emit the familiar hum which is audible around 
a transformer station. 

With the help of transformers, the voltage of an electric 
supply can be changed easily upwards or downwards as 
required. Most power stations in Britain generate electric 
energy at 3,300 volts, which is usually transformed up through 
a series of substations and passed to an overhead electric 
'grid' at 132,000 volts. This grid connects up all the large 
power stations in the country, so that, should one station 
break down, its load can be shared by all the other stations. 
Similarly, at periods in which one particular district has to 
cope with 'peak loads', part of the supply can come from 
other stations in districts where the peaks occur at other times 
of the day. This grid leads to a great increase in efficiency. 
If there were no grid, the capacity of every power station would 
have to be much greater than the average requirements as it 
would have to deal with every possible demand for electricity 
in the district. Perhaps the full capacity of the station would 
never be utilized at all, or it might be utilized for a few hours 
only in the year. This would entail an enormous capital 
expenditure, most of which would be 'dead' or unprofitable. 

With the grid the 'installed capacity' of every station need 
be only slightly greater than the average demand, so that most 
of this capacity is constantly in use. 

From the high-voltage grid, the electric energy is transformed 
down again through a further series of substations to the 
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ordinary voltages used by the consumer, which, as we have 
seen, vary from about 600 to 200 volts. 

In one year covering parts of 1939 and 1940, the central 
power stations of Great Britain generated 12 thousand 
million kilowatt-hours of electric energy, together with a 
further 1J thousand million used for electric railways. The 
total amount of electricity produced centrally was 13,706 
million kilowatt-hours, apart from what was generated by 
private firms with their own power stations. If all this energy 
had been coverted into mechanical energy and made to do 
mechanical 'work', it would have amounted to 18,800 
million horse-power-hours. 

How much of this power was actually made to do mechanical 
work is very difficult to say. A great deal goes to lighting and 
heating and various other purposes, though most is used for 
'power'. 

It is very important to realize that, except in a very few 
special cases, electricity is never used 'as such'. It is always 
transformed into something else before it becomes useful: 
either into mechanical energy in an electric motor, or into 
thermal energy as in heaters, cookers and electric furnaces: 
or finally into the radiant energy of incandescent bulbs. 
Radiant energy is merely thermal energy at a very high 
temperature, at which a relatively high proportion is radiated 
out in the form of waves which have certain effects on the eye. 

Even in the wireless the electrical energy is merely used as 
a means of transmission. What affect us are merely mechanical 
sound-waves which reach our ears, after the electrical energy 
into which the original sound-waves were transformed at 
Broadcasting House have been changed back into their 
original form. 

The fact that electricity is not very useful in itself, but 
merely serves to transmit energy of other forms, is closely 
bound up with another fact, which is that human beings have 
no specific sense for electricity, except in the form of light. 
We can hear sound, we can see light and we can feel heat and 
the impact of material objects. We can also sense smells, 
but we do not sense electricity. An electric shock, which is 
due to chemical action in our systems when a current passes 
through us, is hardly a specific electric action. Moreover it 



88 POWER 

is neither pleasant nor useful, except in certain forms of 
therapy. 

It is for the same reason that we cannot answer the question 
"What is electricity?" We can give any amount of learned 
definitions, but they hardly explain anything as they merely 
tell us what we already know in less intelligible language. We 
can picture an electric current travelling through a wire like 
water through a pipe, and we can make very useful conclusions 
from this picture, but we must be careful to remember that it 
really is only a picture. Electricity is not really like water at 
all. We can picture electric waves going out from a wireless 
transmitter and putting life into our receiving set, but we are 
immediately embarrassed if someone asks us what the waves 
are made of and in what way they are transmitted. We can 
speak in a very superior way of * electrons' conducting the 
current through wires, but we can really only picture the 
electrons as tiny little balls. Up to a point even this picture 
is useful, but when we get down to details it soon breaks down. 

All this does not mean that we do not know a great deal 
about electricity or that we will not soon know a great deal 
more. It simply means that we are approaching the limits of 
our human experience on which our thoughts and words are 
based, and we must not be surprised to come up against 
apparent dilemmas and paradoxes if we expect our experience 
to be a reliable guide in these new fields. After all, describing 
a thing merely means saying it is like something else, only a 
bit different, and we assume that the something else is already 
well known. Electricity just happens not to be much like any- 
thing else we have experienced before and so we find it hard 
to describe and explain. Actually we should be just as 
embarrassed if we are asked to explain what a thing is, or 
what time and space are, and yet we feel quite at home with 
these terms. Some time, when we have become just as familiar 
with electricity, these difficulties will disappear, even if we 
cannot see and feel electricity in the same way that we see 
and feel 'things'. 



Chapter Eight 

HEAT ENGINES : (1) STEAM 

The Production and Use of Steam 

IT will be clear from previous chapters that almost all the 
power in our country is generated from heat produced by 
the combustion of fuel, and a number of contrivances have 
been mentioned for bringing about this transformation from 
thermal to mechanical energy. These contrivances are known 
as heat engines and the term also includes machinery which 
works in the opposite direction, such as mechanical refriger- 
ators, in which mechanical energy is converted into heat and 
cold. 

When the term 'heat engine' was invented, the best-known 
type was the steam engine and here, at least in the stationary 
variety, the furnace and boiler are separated from the piston, 
cylinder and flywheel. In describing a steam engine it is 
therefore possible to take the steam for granted and not to 
ask where it comes from. Steam engines are considered as 
one field of invention and discussion, and steam-raising is a 
separate problem. 

It is not till we come to discuss motor cars and aeroplanes 
with their very different kinds of engines that we realize that 
the conversion of heat to power is only one part of the problem 
facing the engineers and scientists in their efforts to make the 
natural forces serve human needs. Nature does not present us 
with heat any more than with mechanical energy. Apart 
from rivers, winds and tides, we have to start off with lumps of 
coal and barrels of oil, and we have already seen how the 
production of power from heat must be preceded by the pro- 
duction of heat from the chemical energy of fuels. The heat 
engine itself is therefore only the second step of man's tinkering 
with nature. 

In the case of the steam engine, the two steps are strictly 
separated from one another. The furnace which produces the 
heat from the coal by the conversion of its chemical energy 
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into thermal energy has nothing to do with the steam engine 
proper in which the heat is turned into work. The link between 
the two is the steam itself which circulates between the cylinder 
and the boiler, and is continually changing from steam to 
water and back again. Some of the steam generated in the 
boiler need not be used for producing mechanical energy at 
all. It may be used for industrial or domestic heating or for 
some chemical process, such as the production of water gas. 
The production of heat and its conversion to work are two 
distinct processes. 

Petrol engines, gas engines and Diesel engines are all of 
the * internal combustion' type. In them there is no separation 
of the heat-producing and work-producing processes. The 
two are combined in one single act which takes place in the 
engine cylinder. The fuel is fed directly into the cylinder and 
heat and power are produced practically simultaneously. The 
conversion of chemical to thermal energy and from thermal 
to mechanical energy is closely connected in one process. 

Steam engines and internal combustion engines each have 
their particular advantages and disadvantages and one or the 
other may be preferable according to the duty required. This 
will become clear if we try to break down what actually 
happens in them into a succession of simple steps. 

Raising Steam 

Let us begin with the steam engine and include all the steps 
that have to be traversed from the coal to the crank-shaft. 
We have already seen that the sequence of events falls naturally 
into two parts: the generation of the high-pressure steam and 
its utilization in the heat engine proper. We must logically 
begin with the first part, in which the chemical energy of the 
coal is converted into thermal energy, communicated to the 
water in the boiler and transferred in the form of steam to 
the engine cylinder. 

First of all we have the combustion of the fuel. At first 
sight this appears so simple that it is hardly worth spending 
time on. You just heave the coal on the grate and light it. 
Yet a tremendous amount of labour and ingenuity has been 
expended on the most economic combustion of coal. As has 
been previously described, combustion consists in a reaction 
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between the oxygen of the air and the carbon and hydrogen 
in the coal, the products of combustion being carbon dioxide 
and water vapour. For complete combustion, every pound 
of carbon needs 2*7 Ib. of oxygen and every pound of hydrogen 
requires 16 Ib. of oxygen. As hydrogen is a very light element, 
not much of the weight of a pound of coal consists of hydrogen ; 
but even if we consider the carbon only, it is clear that a very 
appreciable quantity of oxygen is needed to effect complete 
combustion. When we realize that only one-quarter of air 
consists of oxygen, we can form an idea of the amount of 
air that has to be supplied to a furnace to enable all the carbon 
and hydrogen to react. The combustion of 1 Ib. of coal 
requires about 150 cubic feet of air and arrangements have 
to be made for bringing about an air draught sufficient to 
deliver this quantity. In the open fireplaces most of us have 
in our homes, this draught is produced by the flue, but it is 
well known that the weather has a considerable effect and 
that on certain days we cannot get the fire to bum. It would 
be rather catastrophic if the output of a large power station 
were similarly dependent on the weather. The proper com- 
bustion of coal for steam raising generally requires a high 
chimney stack and a strong fan to produce the necessary 
draught. Moreover, for the sake of economy in large aggre- 
gates, it is usual to pre-heat the air with waste heat before 
admitting it to the furnace. Otherwise a large portion of the 
heat generated in the furnace has to be used to heat up the 
air instead of for generating steam. 

A boiler furnace for a small steam engine can be kept going 
by simply shovelling coal on at intervals by hand and occasion- 
ally raking out the ashes. But in the case of a large furnace 
for a power station the quantities of coal are far too great to 
make this an economical method. The coal has to be con- 
veyed to the furnace by machinery and filled in from a hopper 
or similar device. In many modern boiler plants powdered 
coal is used as fuel, since it offers more scope in the varieties 
of coal used and is also easier to handle and regulate. But 
in this case quite complicated machinery has to be used for 
feeding in the coal dust and for supplying the air in the right 
proportions. Even in furnaces fuelled with ordinary coal or 
coke,* mechanical stokers and numerous other devices are 
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necessary to secure regular and complete combustion of the 
fuel. 

Incomplete combustion can have a number of results which 
all lead to a lowering of the efficiency of the steam engines. 
A part of the coal can remain unburned and thus be wasted, 
or some of the carbon may burn to carbon monoxide instead 
of to carbon dioxide, that is to say it will take up only one 
atom of oxygen per atom of carbon instead of two. The 
heat thus generated will be much less than when carbon 
dioxide is produced (4,000 instead of 14,000 B.T.U. per Ib. of 
carbon), and the products of combustion will be extremely 
poisonous. 

The second problem is the transfer of the heat generated by 
the fuel to the water in the boiler. Clearly the water cannot 
be brought into direct contact with the burning fuel or with 
the gaseous combustion products. It has to be separated 
from the furnace by metal walls, and these have to be so 
placed that as much heat as possible is transferred through 
them and yet that the products of combustion are able to 
get away easily to the flue. 

The transfer of heat from a furnace to water in a boiler 
takes place in two ways: by radiation from the burning fuel, 
the hot gases and the walls of the furnace, and by contact 
between the escaping gases and the metal surfaces separating 
them from the water. In both cases, the hotter the furnace, 
the more heat is transmitted. To make the best use of radia- 
tion, the heating surface must be so arranged as to be, as far 
as possible, in the direct line of the radiating fuel and this is 
taken into consideration in the design of most modern boilers. 
The transfer through contact between the gases and the heating 
surface depends mainly on the difference of temperature 
between the gases and the water and on the speed with which 
the gases sweep past the surface. The temperature of the water 
is fixed by the pressure at which the steam is to be generated, 
and so the only way to increase the temperature difference 
between the gas and the water is by having the gas as hot as 
possible. This is achieved by a suitable draught and by pre- 
heating the air as described above. In order to speed up the 
gas on its way past the heating surface, its path must be kept 
as narrow as is feasible to allow it to get away quickly. 
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The heating surface is generally made up of a bundle of 
tubes, and the greater the number of tubes, the larger the 
surface and the more heat is transmitted. In some boilers the 
interior of the tubes is connected to the space inside the boiler 
and the tubes are thus filled with water. This type is called a 
water-tube boiler, and the furnace gases sweep through the 
space between the tubes. In the so-called smoke-tube boilers, 
the gases pass through the tubes and the water fills the space 
between the tubes. Both types are frequently employed. 

We have seen that the temperature of the steam leaving the 
boiler is given by the pressure at which the boiler is worked. 
This temperature is always very much lower than that of the 
burning fuel or of the furnace gases, and it is therefore useful 
to heat up the steam still further after it has left the boiler 
and is no longer in contact with liquid water. This can be 
done in a 'superheater', which generally takes the form of a 
further bundle of tubes through which the hot steam is passed 
after leaving the boiler in close contact with the furnace and 
the gases. 

Even in the best-designed boilers, the furnace gases leave 
at very high temperatures and the heat they contain is thus 
wasted. A portion may be recovered by passing through these 
gases in a suitable tube bundle the condensed water leaving 
the steam engine, and thus heating it up before it is fed back 
to the boiler. Such a device is called an 'economizer' and it 
enables the efficiency of the boiler to be raised quite appreci- 
ably. If it is possible in this way to introduce the water into 
the boiler practically at its boiling-point for the operating 
pressure, all the furnace has to do is to evaporate the water 
and it need not waste itself on heating the water up to the 
boiling-point. 

The heat that can be generated from the combustion of a 
pound of coal is known. It depends on the quality of the coal 
and is usually about 12,000 B.T.U. In a small or old-fashioned 
boiler, only about half this heat is actually made available in 
the steam generated. In this case we speak of a boiler efficiency 
of 50 per cent. A large modern boiler can have an efficiency 
of well over 80 per cent, which means that more than four- 
fifths of the chemical energy of the coal is contained in the 
hot steam passing to the steam engine. The rest is lost, partly 
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in the rejected furnace gases and partly in the form of radiant 
heat given off by the walls of the boiler. The latter is, of 
course, reduced as far as possible by suitable lagging. 

It may be interesting to illustrate this general information 
about boilers by referring to a large new power plant erected 
in 1942 at Barley near Reading by the Central Electricity 
Board. The object of the plant is to generate electric power 
and its present capacity is 40,000 kw. It is fed with powdered 
coal and has three boilers, each of which produces up to 
200,000 Ib. of steam an hour at a pressure of 635 Ib. per 
square inch. The boiling-point of water at this pressure is 
494 F., but the steam is superheated to 850 F. The guaran- 
teed efficiency of these boilers is 91 per cent. The steam is 
used for driving large turbines which themselves drive the 
electric generators. 

In a boiler of this size it is natural that very large heating 
surfaces are required. Thus the boiler heating surface of one 
boiler is 7,465 sq. ft. the superheater surface is 9,300 sq. ft. 
and a surface of over 46,000 sq. ft. is used for pre-heating the 
air before it enters the furnace. This boiler plant is probably 
one of the best in the country. 

We have now seen how the chemical energy of the coal is 
transformed into heat and how the heat is transferred to the 
steam, which is the 'working substance' of many types of heat 
engines. We now come to the heat engine proper, in which 
the heat is changed into mechanical energy. 

Steam Engines 

Two very different heat engines use steam as the working 
substance: reciprocating engines and steam turbines. The 
reciprocating steam engine, associated with the names of 
Newcomen and Watt, is the greatest British invention. It 
marked the climax of the Industrial Revolution and made 
Britain the workshop of the world for many decades. In spite 
of all modern improvements, it has remained basically the 
same since its inception. 

The heart of the steam-engine is the cylinder, piston and 
sliding valve. Steam at a high pressure enters the cylinder 
from the steam chest when the piston is so far forward that 
the cylinder space is quite small. The pressure of the steam 
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then drives the piston back and when it has travelled a fraction 
of its course the inlet is closed by the slide valve and the steam 
in the cylinder expands driving the piston further back. When 
the piston has nearly completed its stroke, steam is admitted 
behind it, forming a cushion which enables it to come to rest 
without a jerk and begin its forward stroke. As it moves 
forward by its own inertia, it drives the spent steam out 
through the exhaust valve, which remains open during this 
stroke. Near the end of the forward stroke, the exhaust valve 
closes and the inlet port opens. Thereupon the process begins 
again. The exhaust steam flows to the condenser, where it is 
liquefied, giving off heat to cooling water. The condensed 
steam is then pumped back into the boiler by a feed pump, 
sometimes after being warmed up in an economizer as des- 
cribed above. 

The remaining parts of the steam engine, the piston rod, 
cross-head, connecting rod, crank-shaft and fly-wheel are 
merely the mechanism by which the oscillating motion of the 
piston is transformed into the rotary motion usually required 
in the work to be done with the mechanical energy generated. 

In the course of one to-and-fro stroke of the piston, steam 
is introduced under pressure, expanded, condensed and fed 
back to the boiler. At the end of the double stroke the engine 
is in exactly the same position as before the stroke started. 

Now let us consider the path of the steam. If we could tie 
a label round the neck of one of the water molecules and 
follow it through its course, what would we see? First of all 
our molecule, whom we may call George for short, is a molecule 
of liquid water floating about in the boiler. In view of the 
rapid circulation, which drives all the molecules continually 
through all the parts of the boiler, George will, sooner or later, 
come to some point in close proximity to the hot wall of one 
of the boiler tubes, where he will evaporate and be carried 
to the steam chest. From here he will move into the cylinder 
when the inlet port opens and play his part with other molecules 
driving the piston back. In doing so he will have spent almost 
all his energy and will easily flow into the condenser and 
allow himself to be changed back into liquid water. The feed 
pump will thereupon lift him back again into the boiler, and 
he will then be back where he started and ready to begin his 
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This picture shows the water molecule George on his journey through 
the steam engine. In the bottom left-hand corner we see him swimming 
in the boiler. The hot gases in the smoke-tubes drive him up and away. 
As a molecule of steam he passes through the steam chest into the cylinder 
and drives back the heavy piston. Escaping through the port in the cylinder, 
he dives into the condenser and becomes again a molecule of water. Finally 
the boiler pump catches him and lifts him back into the place where he 
started. George can now begin his journey all over again 
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journey all over again. Of course George may stay in the 
boiler for some considerable time. There is quite a lot of room 
in the boiler which can house an immense number of molecules. 
But when once George has started his journey, he will most 
probably complete it in the course of one to-and-fro stroke 
of the piston. This double stroke of the piston corresponds 
to one return journey of George and his fellows into the 
cylinder and back again into the boiler. Of course George 
returns by a different route from the one he took in the 
outward journey. He comes in via the steam chest and inlet 
port and he comes back via the exhaust port, the condenser 
and the feed pump. He has thus completed a circular tour 
which is known as a 'cycle'. The particular circular tour 
that George has undertaken is called a Rankine Cycle. 

The evaporation of water in the boiler requires heat and 
this is taken from the burning fuel. The conversion of the 
steam to water in the condenser gives off heat which is com- 
municated to the cooling water and thence to the surroundings. 
The amount of heat given off at the low temperature of the 
condenser is less than that absorbed from the fuel at the 
higher temperature, and the difference between these two 
quantities of energy is what is transformed into mechanical 
energy in the steam engine. 

Steam Turbines 

An obvious disadvantage of the reciprocating steam engine 
is the necessity of converting the oscillating motion of the 
piston into rotary motion suitable for driving machinery. 
This necessity, with the mechanical contrivances that it 
involves, naturally leads to frictional losses which can be 
only partially overcome by advanced methods of lubrication. 
The heavy pistons which are required in large engines lead 
to further losses due to their great inertia. At every half-stroke 
the piston has to be brought to rest and the direction of its 
movement reversed. The heavy fly-wheel, whose task it is 
to cope with this, has a very exacting duty to perform. More- 
over the rapid oscillatory movement gives rise to vibrations 
in the engine which would lead to catastrophic results without 
the most careful workmanship and design, more especially 
in the fast-moving machines required by modern industry. 
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It is therefore natural that a great deal of effort has been 
expended on devising a heat engine that would yield rotary 
motion directly at a high speed and with a high power output. 
These efforts led to the design of the steam turbines, which 
are now generally employed for a number of duties requiring 
the transformation of large quantities of heat into power. 
The most important fields of application of steam turbines 
are the generation of electric power and the propulsion of 
large ships, especially liners and naval vessels. Both these 
applications require large units working at high speeds. 

It is generally known that the steam turbine is an adaptation 
of the water-wheel, in the sense that jets of steam are driven 
against buckets or vanes arranged along the outside of a 
wheel or circular disk and thus cause the disk to rotate very 
rapidly. But not very many people can say exactly how the 
turbine works. It is sometimes suggested that the action of 
steam on the blades of a turbine is the same as its action on 
the piston of a reciprocating engine; that the expanding steam 
pushes back the blade just as it pushed back the piston, but this 
is only a very small part of the truth. Actually in most tur- 
bines the steam hardly expands in the blades at all, that is to 
say on leaving the blade it has practically the same pressure 
as it had on entering and even when this is not the case, 
the expansion of the steam in the blades is not the most 
important feature. The characteristic feature of the turbine 
is that the heat energy of the steam is converted directly 
into energy of motion. 

When air issues from a puncture in a bicycle tyre, it moves 
at a high speed until brought to rest by the surrounding air. 
Yet as soon as it leaves the tube, its pressure is quite negligible. 
When a steady wind drives the vanes of a windmill, the wind 
is merely slowed down in the vanes but its pressure remains 
practically the same. 

In the steam turbine the carrier of the energy of motion, or 
'kinetic energy' as it is usually called, is the steam itself. The 
hot compressed steam from the boiler is made to pass through 
nozzles or guide blades, which are so shaped to ensure a high 
speed of the issuing steam. The energy which the steam has 
acquired from the burning fuel and which is shown by its 
high pressure and temperature is retained by the steam as it 
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passes through the nozzles, but is converted into a new form. 
The kinetic energy of the steam is then communicated to the 
blades of the turbine, setting them in rapid motion. 

In one of the simpler forms of steam turbine, which was 
invented by a Swedish engineer, de Laval, some 60 years ago 
and is still used in fairly small plants, the steam is directed 
from a number of nozzles against a circle of curved blades 
fixed in the rim of a narrow wheel like teeth, and it passes 
through these blades from one side of the wheel rim to the 
other. The steam jets and nozzles are so arranged that the 
steam enters the blades without having to change its direction, 
but in passing through the curved blades it is turned roughly 
through a right-angle. If the wheel were held tight while the 
steam was passing, the steam would leave with the same speed 
as it entered, apart from small losses due to friction along the 
blade, but in a different direction. But changing the direction 
of motion means overcoming the force of inertia, in this case 
of the steam jet, and we have to exert a force equal to that of 
the inertia of the steam in order to keep the wheel from 
moving. If we let it go, it will turn round so that the steam 
may avoid having to change its direction of motion, but in 
doing so it will reduce the actual speed of the steam. If the 
blades and nozzles are suitably designed, most of the energy 
of motion which the steam possessed on entering the blades 
will have been communicated to the blades and the steam will 
leave at quite a low speed. In this type of turbine, which is 
called an Impulse Turbine, the pressure does not change in 
the blades at all, but merely the velocity is reduced. All the 
energy due to high pressure and temperature is converted into 
energy of motion in the nozzles. This is achieved by widening 
the mouths of the nozzles to a funnel shape which allows the 
steam to expand to a low pressure after it has passed the 
narrowest part, or throat of the nozzle. In this way the steam 
can be made to leave the nozzles and enter the blades at a 
speed of some 4,000 feet per second. 

In order to transmit as much as possible of the energy of 
the moving steam to the wheel of the turbine, the latter ought 
to move at half the speed of the steam entering the blades. 
The rim of the wheel would thus have to move at 2,000 feet 
per second or 120,000 feet per minute. If the wheel is very 
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large, it can arrive at such high speeds at the rim without a 
tremendous number of revolutions per minute; but a small 
wheel will have to revolve very rapidly to attain such rim 
speeds. Thus, if the diameter of the wheel is 1 foot and the 
speed of the rim is to be 2,000 ft. per sec., it must revolve at 
38,000 revolutions per minute. Compare this with a small 
high-speed electric motor, which has about 3,000 revolutions 
per minute, or with an ordinary motor driving a lathe, which 
revolves at about 1,450 r.p.m. Clearly these speeds bring 
quite new problems before the engineers and much labour and 
inventiveness has to be brought to bear on them. 

Small turbines are actually operating to-day with speeds 
of 40,000 r.p.m., and 30,000 is not considered difficult. Larger 
turbines operate at speeds around 10,000 r.p.m. quite easily. 

In the de Laval turbines the wheels are mounted on very 
narrow spindles (J in. for a 5 horse-power machine), as it 
has been shown that the spindles must be flexible to secure 
quiet running. At a certain number of revolutions the spindle 
begins to vibrate badly and there is a danger of the turbine 
flying to pieces, but when the revolutions become higher still, 
the spindle eases up and begins to run steadily again. If the 
spindle is kept thin, it will reach this dangerous speed at 
quite low revolutions, and by the time the turbine is running 
at its proper speed, it will be well past the 'crisis'. 

Many of the large-scale turbines now used, especially those 
in use in marine engines, are built on a different principle 
and are called Reaction Turbines. In this type, which was 
invented by Parsons before de Laval introduced his system, 
the blades are mounted in circular rings along the edge of a 
drum. Around the moving blades on the drum there is another 
ring of stationary blades or guide-blades, through which the 
steam passes to the moving blades. These guide-blades replace 
the nozzles of a de Laval turbine. In reaction turbines the 
steam is expanded in the moving blades as well as in the 
guide-blades, so that the pressure falls throughout the whole 
path of the steam. While in the impulse turbine all the energy 
of the steam is converted into energy of motion before the 
steam enters the blades, in the reaction turbine this conversion 
takes place all the time and is not completed until the steam 
has left the blades. 
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In almost all reaction turbines, several rows of blades are 
fixed around the drum, and the steam enters each ring in 
succession, losing pressure at each step. This process is called 
4 pressure compounding'. Since the steam takes up more room 
at low pressure than at high pressure, the drum and rings have 
to become wider and wider so as to allow the steam to expand. 
Many impulse turbines are also 'compounded', but here the 
pressure remains the same throughout and only the speed of 
the steam falls from step to step. 

In small turbines the very high number of revolutions 
cannot be transmitted directly to any machinery and the speed 
has to be cut down with gear wheels. The design of such gears 
is very difficult in view of the large number of revolutions, 
especially as it is essential to lose as little energy as possible 
through friction in the gear wheels. But the revolutions 
reached in large turbines are just right for driving electric 
generators, so that these are mostly coupled directly to the 
turbines on one axis. The combined turbine-generator unit 
is a very beautiful piece of machinery. It takes up much less 
space than a reciprocating engine coupled to a generator with 
a belt and has a very high efficiency. 

In the large generating station, the boilers of which were 
described on p. 94, the power is produced with two groups of 
reaction turbines, one for high-pressure and the other for low- 
pressure steam. The high-pressure turbines have 38 stages 
each, and the low-pressure turbines 6 stages. The turbines 
were built by Parsons, whose turbine principle was mentioned 
above. The turbines are coupled with generators running at 
3,000 revolutions per minute, each of which produces 40,000 
kilowatts at 33,000 volts. In a certain week in 1945 the station 
generated 5,618,200 kilowatt-hours of electric energy, con- 
suming 2,522 tons of coal. 



Chapter Nine 

HEAT ENGINES : (2) Internal Combustion 

TJEOPLE with cars and motor bicycles are apt to be con- 
JL temptuous of steam engines. R. A.F. pilots probably feel 
the same. Most people prefer to drive a car than to sit in a 
train. And yet in most countries the amount of power pro- 
duced through the medium of steam is much greater than what 
is generated by internal combustion engines. This is even true 
of countries that are rich in oil resources. 

The reciprocating steam engine is still supreme in loco- 
motives, at any rate for heavy loads, and Diesel engines are 
used on a small scale only for rail transport. Most ships are 
steam-driven, even those which are oil-fired. For the large- 
scale conversion of heat to power the steam turbine will 
probably maintain its lead for many years to come. With 
modern steam turbines much more mechanical energy can be 
economically generated at one place than can possibly be 
utilized on the spot, and the only way to distribute it over 
the required distances is by first converting it to electric energy. 
That is why almost every large heat engine is necessarily linked 
with an electric generating station. There is no other way of 
getting rid of hundreds of thousands of kilowatts of power. 

Let us recall briefly the basic economics of a power station. 
The source of energy, generally in the form of coal, but in 
America, occasionally in the form of oil, is conveyed to the 
site from the mines or the wells. It may come from one spot 
but, more usually, it will be brought from many places over 
long distances, perhaps for hundreds of miles. It will come by 
rail, by ship or by canal, and in every case, power is used to 
transport it to the power station. From the point of view of 
economics this power must be subtracted from the output of 
the generators. We may say that part of the power produced 
has to be used to transport the fuel. Thereupon the fuel is 
burned, heat is produced and a certain proportion is con- 
verted into mechanical energy. Before it can be distributed, 
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it must be converted into electrical energy, and then, after 
transforming to grid voltage, the energy is conducted away 
on pylons, fed to the grid and thence distributed to many 
thousands of consumers. Losses are sustained all along its 
path, both before and after it takes on its electrical form, in 
the furnace, in the boiler, in the blades of the turbines, in the 
shafts and bearings, in the wires of the electric generator and 
in the long transmission cables. Finally the consumer has 
to convert the electrical energy back into mechanical energy, 
and here again losses are incurred in the electric motors. 

The drawing together of hundreds of thousands of tons of 
fuel, the production process itself and the distribution of the 
power produced must be considered as one vast series of 
operations, highly characteristic of our present era. All this 
is justified ultimately by the simple fact that a large steam 
turbine generator plant is a very efficient unit, in spite of what 
the motorists may feel about it. The larger the station, the 
more economically it can operate, and the more it is worth 
while to go to the expense of transporting masses of fuel to 
it and masses of electricity from it. Needless to say, this 
holds true only up to certain limits, though these limits will 
depend on circumstances and may well be the subject of 
controversy. 

However, as soon as we come to conditions in which very 
large-scale operation is impossible, especially for moderately 
light traction, whether by sea, land or in the air, we enter a 
field in which steam cannot compete, at least at the present 
level of technique. Indeed, among the many pros and cons 
of steam power, one fact stands out a mile: the separation of 
heat production on the one hand and power production on 
the other, the two processes being linked up by the steam which 
acts as an intermediary between them. This is an inherent 
defect of the steam engine which was bound to make itself 
felt sooner or later. 

Steam power was invented and first used on a large scale 
in Britain. Britain was the first industrial country. Britain 
is rich in coal and has no oil. It is impossible, or at least it 
has not yet been found practicable, to run an internal com- 
bustion engine on coal. It would be an over-simplification 
to say that this explains why the steam engine was invented 
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before the internal combustion engine, but at least all these 
facts are closely connected. 

The production of heat from chemical energy and its 
immediate conversion into mechanical energy on the spot, 
requires a fuel that can be fed to the engine with the strictest 
regularity, together with the air needed for combustion, and 
which leaves no residue of solid matter, either from unburned 
combustible portions or from incombustible ash. Coal is 
unsuitable for this purpose, partly due to its solid form and 
partly to its ash content. Attempts have been made to make 
use of coal dust as a fuel for internal combustion engines, 
but with slight success. Gases and liquids are both much more 
suited for this purpose, and at first sight gases appear to offer 
the greatest advantage as they are easy to mix with air in 
exact proportions. In stationary plant gas engines have been 
in use for many years, though they are now giving way to 
Diesel engines and in some cases even to steam engines. But 
for traction purposes gas is not very useful because of its 
bulk and the difficulty of storing it in sufficiently large quan- 
tities. Gas-bags on motor cars have been conspicuous in 
war-time, but they are obviously a makeshift, and compressed 
gas in cylinders has a great deal of useless weight. A cylinder 
containing town's gas weighs about ten times as much as the 
gas it contains and although, with full use of modern steel 
varieties this could be considerably reduced, yet the weight 
would always be a disadvantage. For almost all mobile 
engines liquid fuels are the best. 

While the modern motor car bears little resemblance to the 
horse-drawn vehicle which it replaced, its engine still shows 
clearly its line of descent from the reciprocating steam engine. 
The cylinder and piston have been preserved though their 
operation is quite different. In the last chapter we traced the 
movement of the piston in the steam engine and the corres- 
ponding motion of the steam and water. The circular tour of 
the water molecules from the boiler to the cylinder and back 
ag^in was called the Rankine Cycle. The operating cycle of 
the petrol engine, which is known as the Otto cycle, has little 
in common with the Rankine cycle. 

Let us begin again with the moment at which the piston has 
moved so far forward that the volume of the cylinder is quite 
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small. As the piston moves back, it sucks into the cylinder 
space a mixture of air and petrol vapour. At the end of this 
"suction stroke 9 the inlet valve closes and, on its way forward 
again, the piston compresses the 'charge* to about one- 
seventh of its initial space and seven times its original pressure. 
Thereupon the petrol-air mixture is ignited with an electric 
spark, a great deal of heat is developed and the temperature 
rises enormously. All this happens so quickly that the piston 
hardly moves at all during this phase of the proceedings, and 
so the highest pressure and temperature are reached just after 
the 'compression stroke' is finished while the cylinder space 
is still very small. Then the 'working stroke' commences, the 
piston is pressed back by the expanding gases and their heat 
energy is transformed into the mechanical energy of the moving 
piston. Finally the piston returns again and drives the exhaust 
gases out through the open exhaust valve in what is termed 
the 'scavenging stroke'. 

The most obvious difference between this and the Rankine 
cycle is that it is a four-stroke and not a two-stroke cycle. 
Only after the piston has moved to and fro twice is the engine 
back at the point where it started and ready to take a fresh 
charge. Of the four strokes only one is a working stroke in 
which chemical energy is transformed through heat to power. 
All the other three strokes are only preparatory steps and 
cleaning-up operations. This explains why almost all petrol 
engines have several cylinders which are staggered in such a 
way as to secure even running. In a four-cylinder engine, 
every stroke is the working stroke for one of the cylinders. 
Thus power is being generated all the time though not all at 
the same time. 

A further interesting feature of this cycle is the compression 
stroke. It enables a much larger charge to be taken in than 
would otherwise be the case and this charge is heated up by 
the compression before being ignited. Of course the compres- 
sion stroke takes power from the engine, but this power is 
regained in the working stroke together with the much greater 
power caused by the combustion of the fuel. 

It will be seen that, in the petrol engine, the working sub- 
stance is the gas produced by burning the fuel, together with 
that part of the air which does not bum. This uncombustible 
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portion of the air, which consists mainly of nitrogen gas, is 
about three-quarters of the weight of the air and four-fifths 
of its volume. It is heated up and brought to a high pressure 
by the combustion of the oxygen and the petrol vapour. To 
obtain even combustion, we require about fifteen times as 
much air as petrol vapour. 

Besides the carbon dioxide and water vapour which form the 
products of combustion, the nitrogen plays a very important 
part, by spreading the generated heat over a large amount of 
gas. Even with the presence of nitrogen, the temperatures 
achieved during combustion are somewhere about 4,000 F. 
If no nitrogen were present they would be so high that the 
engine would melt. The nitrogen keeps the temperature down 
to a reasonable limit and does work on the piston by its own 
expansion. 

We have seen that the amount of work which can be pro- 
duced from a certain quantity of heat rises with the temperature 
at which the heat is produced, and we should therefore think 
that the thermal efficiency of a petrol engine generating heat 
at 4,000 F. should be very much higher than that of a steam 
engine in which the steam is usually between 600 and 800 F. 
Unfortunately we cannot make full use of this advantage, 
The convertible portion of the heat depends not only on the 
high temperature at which the heat is generated, but also on 
the low temperature at which it is rejected. In the case of 
the steam engine this low temperature is very little above that 
of the surroundings, but the exhaust gases of a petrol engine 
emerge at a very much higher temperature, usually not below 
800 F. It has not been found possible to utilize the heat of 
a petrol engine at lower temperatures and so a good deal of 
heat is wasted. The result is that the thermal efficiency of a 
large petrol engine is not very much higher than that of a 
large reciprocating engine or steam turbine. 

Great care has to be taken in the petrol engine to secure 
adequate mixing of the air and petrol vapour and to adjust 
the mixture strength correctly. The liquid fuel has to be gasi- 
fied, and this happens in the carburetter, in which the liquid 
is first broken up into tiny droplets and then converted into 
vapour with the air. The contrivances for regulating the 
suction and the strength of the mixture fall outside the scope 
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of this book. They are fully described in the many volumes 
that have been written about motor cars. But it should be 
noted that one of the great advantages of the petrol engine is 
that the mixture strength can be varied at will, and this is 
what makes the car so flexible and capable of dealing with 
hills, accelerating smoothly and doing all those things which 
delight the hearts of motorists. 

The problem of producing rapidly-moving machinery which 
is capable of withstanding temperatures of 4,000 F. is naturally 
not simple and has required much skill, labour and ingenuity. 
The chief difficulty is to provide adequate means for conducting 
away the heat. The fans and coolers of motor cars are well 
known, but the problem becomes more and more difficult the 
larger the engine. This is the principal reason why petrol 
engines are at their best in relatively small units, while the 
steam engine wins the day in large stationary plants. 

The ignition of the charge in a petrol engine takes place 
with an electric spark and severe limits are imposed on the 
degree of compression to prevent self-ignition of the charge 
and engine knock. If the charge is too highly compressed, the 
fuel will not burn evenly on ignition but explode and the 
engine will not run smoothly. Modern developments have 
led to a better selection and preparation of engine fuels to 
avoid knock. It has been found that the straight-chain 
paraffin hydrocarbon oils described in Chapter Six knock 
badly, while those whose molecules are branched knock 
less. To-day much higher compressions are possible than 
a few years ago with a resulting rise in the efficiency of 
the engines. The addition of small quantities of 'dopes', such 
as tetraethyl-lead, to the engine fuel also serves to eliminate 
knock. 

In view of the relatively high cost of petrol and the desire 
to make better use of the other fractions of crude oil, a 
different form of internal combustion engine has been playing 
a more and more important part in recent years. The 
'compression-ignition engine', sometimes loosely called the 
Diesel engine, can burn almost any oil and does not require 
a highly developed and specialized fuel. It is used to an 
increasing extent on ships, for driving lorries and buses and 
for medium-sized stationary power-plant. 
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In the compression-ignition engine there are no sparking- 
plugs. The fuel is injected into the cylinder at the end of the 
compression stroke at a high pressure and ignition takes 
place spontaneously immediately after injection. Compression- 
ignition engines have been built according to the 4-stroke 
cycle just described and also in 2-stroke cycles more resembling 
that used in a steam engine. 

All the engines sketched in the preceding pages are in some 
respect analogues of the reciprocating steam engine, and it 
is therefore reasonable to ask what form of internal com- 
bustion engine can replace the steam turbine. With some 
embarrassment the engineer is forced to reply that this problem 
has not yet been solved. There is no fundamental difficulty 
of principle why an explosive mixture should not be ignited 
in something like the nozzles or guide-blades of a turbine, 
but many practical difficulties stand in the way. To-day there 
is much talk of gas turbines and it appears pretty certain 
that these are gradually advancing beyond the experimental 
stage. A Swiss firm is marketing gas turbines already, a great 
deal of research is being done on them in America and Russia, 
and in our own country a well-known firm is devoting a 
great deal of attention to their development. Many people 
believe that they will offer quite new possibilities in the field 
of power production. 

However there is one further line along which the internal 
combustion engine is developing which has had no analogy 
in the field of steam since Archimedes showed how steam 
issuing from a hole in a hollow sphere could set the sphere in 
motion in the opposite direction to that of the steam. The 
"jet-engine* which makes use of this idea in a modern form, 
is of interest partly for its role in modem aircraft, and partly 
for the prospects it offers of further developments in other 
fields. 

The jet engine requires no cylinders, pistons or rotating 
blades and its design is thus extremely simple. All it requires 
is a small compressor for air and a method of injecting fuel 
at high pressure. The hot gases generated by the ignited charge 
issue in the form of a jet and this jet drives the engine itself 
and the plane to which it is attached in the opposite direction. 
The jet plane is capable of achieving remarkable speeds and, 



HEAT ENGINES: (2) INTERNAL COMBUSTION 109 

in view of its great simplicity, it could be designed to function 
without a pilot, and it is reasonable to assume that it will be 
further developed for use in time of peace. Its most interesting 
feature is that it requires no airscrew and is dependent on the 
air merely to effect the combustion of its fuel. In principle, 
if the jet plane could carry its oxygen supply with it, it could 
fly in a vacuum. A self-propelling mechanism that can fly 
in a vacuum is called a rocket. 

The motion of a locomotive depends on the friction between 
its wheels and the rails and a car is tied to the earth in the 
same way. The screw of a ship drives the ship forward by 
pushing the water back and an airscrew or propeller has the 
same action on the air surrounding it. At very great altitudes 
increasing difficulties are encountered as the air becomes 
rarer and rarer. But the power in a rocket is independent of 
any medium. On the contrary, the less matter there is around 
a rocket, the faster it will move and the smaller will be the 
resistance tending to hold it back. The energy of motion of 
the gases issuing from the rear of a rocket is imparted to the 
vessel from which they are emerging and the latter is impelled 
in the opposite direction. In principle a rocket can fly to the 
moon, whereas an aeroplane is limited to the comparatively 
thin layer of atmosphere surrounding the earth's surface. 

Quite naturally the rocket has roused the imagination of 
many people and has given rise to a number of fantastic 
schemes. In many countries societies of amateurs have been 
formed to go into the question of rocket propulsion. As i& 
usual in such cases a lot of nonsense has been talked and 
plenty of ridicule incurred. Nevertheless rocket propulsion 
is quite possible and may well be realized on a large scale in 
the near future. Whether or not it will enable man's ambitions 
and curiosity to be satisfied in the sense that it will take him 
away from an earth that has grown so small in the last decades, 
may well be left for history to show. Many a scheme that was 
once held fantastic is now a well-established fact and there is 
no reason to believe that Man's ingenuity is exhausted or 
that our descendants will not spend their holidays careering 
about empty space. 



Chapter Ten 

POWER AND CIVILIZATION 

IN the preceding chapters we have discussed the meaning 
of power, reviewed its sources and described how power is 
obtained from them. To form some idea of the significance 
of power in our daily lives, it will be useful to give a few facts 
and figures. 

Professor Saha, a well-known Indian scientist, believes that 
the standard of life in a country can be measured by the amount 
of power produced in that country per inhabitant. We may 
well argue that many things besides power enter into our 
living standards, but it is not easy to find a more satisfactory 
way of expressing them with a single figure. Indeed, if man 
has harnessed the forces of nature in order to lighten his toil, 
it appears reasonable to suppose that, the more mechanical 
energy he can generate, the less he will have to 'work' himself, 
if we take the word work to denote the original conception 
of hauling loads, lifting weights and performing similarly 
arduous tasks. In olden days men lived on a relatively high 
standard of life if they had large numbers of oxen, horses or 
human slaves. To-day the work formerly performed by man 
and beast is done by steam engines, petrol engines and electric 
motors. We may therefore say that men are wealthy if they 
have large numbers of these mechanical slaves working for 
them. Of course we can reply that most people possess neither 
steam engines nor electric motors and that even petrol engines 
are confined to the relatively small proportion of our people 
who can afford to run a car. However, a great many people 
are geared into the electric grid and have the facilities of one 
or two wall-plugs, everyone has the use of trams, 'buses and 
the railways, and the inhabitants of London and Glasgow 
can even use the underground. Water is pumped mechanically 
to the houses of all dwellers in towns and steam laundries 
ruin the shirts of rich and poor alike. And so to this extent 
each one of us has working for him a great number of these 
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mechanical slaves, even though we have no shares in a rail- 
way company or an electricity concern. But in fact the use 
we make of power is very much greater than would appear 
from the examples just quoted. Almost everything that we 
buy, use, wear and eat is prepared to some extent with power 
machinery. Our clothes are woven on steam-driven looms, 
our newspapers are printed on electrically driven presses, 
our brace-buttons, jam-jars and cigarettes, all are made with 
machinery. 

It may open up an entertaining field of discussion to suggest 
that we are none the happier for all these things, and that the 
dark ladies and gentlemen on the coral islands of the Indian 
Ocean live much pleasanter lives than we do; but we can 
scarcely avoid the conclusion that the closing down of all the 
power plant in Britain would have disastrous consequences, 
and lead to dire distress, abject poverty and wholesale starva- 
tion. Whether we like it or not, mechanical power has become 
a basic factor in our daily lives and there can be no doubt 
that our civilization is based fairly and squarely upon it. 

It has been calculated that, in medieval times, when man 
had to rely for power on the strength of his own muscles and 
those of the animals he had tamed, the amount of mechanical 
energy used on the average by each person in a year was about 
110 horse-power hours, or, expressed in electrical units, 
80 kilowatt hours. If we assume, as we did in Chapter One, 
that a horse-power is one and a half times the power of a 
real horse, this means that the work done on an average by 
every person, man, woman or child was the same as it would 
have been if he or she had had at their disposal one horse 
for 165 hours in a year and had done nothing themselves. 
Or, to put it differently : since the power of a man has been 
taken as one-eleventh of a horse-power, the average annual 
work done per inhabitant was the equivalent of that of a full- 
grown man for 1,210 hours in the year. There are, in all, 8,760 
hours in an ordinary year; so this means that every person 
together with the animals at his disposal did one man's work 
for one-seventh of a year. 

In India to-day, the energy index is said to be not more 
than 90 (kilowatt-hours per person per year), whereas in the 
United States and Canada, where the standard of life is 
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relatively high, it is taken as 3,000. This comparison shows 
with terrible clarity the backwardness of one of the largest 
and most densely populated countries in the world. 

What is the energy index for the United Kingdom? In 
the year 1938, which is the last year that can be taken as 
'normal 9 , the figures appear to be roughly as follows: 

Mechanical Power produced as Electricity, 20 thousand 

million kilowatt-hours; 
Mechanical Power produced direct from Coal and Steam, 

not by way of electricity, 66 thousand million kilowatt-hours ; 
Mechanical Power produced from Oil and Petrol, 24 

thousand million kilowatt-hours; 
Total Mechanical Power produced, 90 thousand million 

kilowatt-hours. 

With a population of 45 million, this brings us to an energy 
index of 2,000 kilowatt-hours per person per year. 

This appears to be about the average for the countries of 
northern and western Europe. 

It should be noted that the figures here given refer only to 
mechanical power, and not to other forms of energy. Thus 
the 20,000 million k.w.h. produced as electricity does not 
include electric light and heating, which would have made up 
another 9,000 million k.w.h. Of the enormous quantity of 
energy obtained from coal in this country only that part has 
been counted which was used to raise steam for driving 
engines and machinery. This is only about a fifth of the coal 
consumed in Britain in 1938. 

This limitation to mechanical power is a weakness in the 
definition of the energy index. It includes only a fraction of 
the energy produced and consumed in the country and, more 
especially, it leaves out all thermal energy actually used as 
heat. Clearly the amount of process steam used in chemical 
factories, the gas consumed for domestic heating and cooking, 
and the electricity converted into light are very important 
factors in estimating our standard of life. At first sight it 
would certainly appear desirable to base the energy index on 
the total amount of energy used and not merely on the 
mechanical power. 

However, this raises a difficulty which has puzzled power 
engineers for a long time. How are we going to compare heat 
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with power? It seems quite easy: mechanical energy is 
measured in horse-power-hours, heat is measured in B.T.U. 
There are 2,547 B.T.U. in one horse-power-hour. So we find 
out the number of B.T.U. consumed, divide by 2,547 and 
so obtain the thermal energy expressed in the same units as 
the mechanical energy. After all we have no hesitation in 
converting kilowatt-hours to horse-power-hours by multiplying 
by 1 -341 . Why should we not do the same thing with heat units? 

The reason is to be found in the fact that heat energy and 
mechanical energy are different kinds of energy, as we have 
described in Chapter Three. It is quite true that we can 
always convert 1 horse-power-hour of mechanical energy into 
2,547 B.T.U. of heat. It is continually being done before our 
eyes, when mechanical energy is turned into heat on railway 
lines, on the road, in every type of machinery through 
friction. But we cannot carry out the opposite process in the 
same way. It is not possible to build a machine that will turn 
2,547 B.T.U. into a horse-power-hour. As we know, some of 
this heat is always returned as heat at a lower temperature, 
and only the difference between these two heats can be turned 
into power. The efficiency of a good generating station is 
only 25 per cent; that is to say, only a quarter of the energy 
of the coal ever gets into the grid. So in point of fact much 
more than 2,547 B.T.U. are required to produce a horse-power- 
hour of mechanical energy. We can say that heat is a much 
lower grade of energy than power. So if we simply turned 
the B.T.U. into horse-power-hours by dividing by 2,547, and 
then added up the horse-power-hours of mechanical power 
and those apparently equivalent to the heat generated, we 
should arrive at completely useless figures. We should have 
assigned to heat a much greater role than it actually occupies. 

One way out would be to take into consideration the actual 
amount of power which can be produced from heat, say the 
25 per cent efficiency of good boiler practice. This would be 
the same as saying that one pound of coal can generate about 
1 k.w.h. of energy. We could then simply take all the coal 
consumed in pounds and say that this figure represents the 
total number of k.w.h. that could be generated from it. 
But this too would lead to useless results, because in most 
steam engines running in the country the efficiency is much 
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lower than in a modern power station and far more than 1 Ib" 
of coal is required to make a kilowatt-hour. Besides, most of 
this energy never has been and never will be converted into 
kilowatt-hours at all! 

There is also a further difficulty in the fact that climates 
are different in different countries. People in cold countries 
use much more coal for heating their houses than people in 
warm countries. But this evidently does not make their 
standard of living any higher. On the contrary, a great deal 
of coal is needed in Liverpool to bring the inhabitants to the 
same living standards as the people of Naples have without 
burning coal at all. 

For all these reasons it is perhaps better to leave the energy 
index where it is, to count only mechanical power and to 
realize that, while the resulting figure gives a useful hint 
regarding the standard of life of a people, it can never be more 
than a rough indication, and we should not draw too stringent 
conclusions from the results of our calculations. 

With whatever yardstick we may choose to measure the 
effect of using the earth's store of energy on human civilization, 
there can be no doubt that this effect is prodigious and rapidly 
increasing, at least in the technically advanced countries. 
The general rise in living standards which all agree is necessary 
to secure lasting peace and economic stability will make ever 
greater demands on power and fuel. Sooner or later those 
peoples who, for historic reasons, are to-day economically 
backward will require as many horse-power-hours and B.T.U. 
as we need to-day in Britain. The teeming millions of India 
and China, who together constitute nearly half the population 
of the world, the dark peoples of Central Africa and the 
many other degraded and impoverished sections of the human 
family will not be prepared for ever to forgo the amenities 
of their more 'advanced' neighbours. For neighbours we 
shall be with the ever more rapid extension of our means of 
transport and communication. 

The question naturally arises, where is all this energy to 
come from? Is there sufficient energy stored on this earth of 
ours to enable two thousand million people and their still 
more numerous descendants to lead the lives of prosperous 
English gentlemen? 
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It is generally believed that the world's sources of coal and 
oil are on the wane and that, with the present rate of increase 
in demand, they will shortly be exhausted. Is this going to 
arrest the development of mankind and lead us back into an 
age of poverty and barbarism? 

Any opinions voiced on this question must necessarily be 
of a speculative kind; but it is safe to say that those scientists 
and technical people who have considered the question seriously 
do not believe that we are approaching the limits of our 
civilization. As has been mentioned before, the world's 
reserves of fuel are, to say the least, flexible. Up to the present 
the increase in proven reserves is more rapid than the increase 
in demand. Sources of fuel are being discovered more rapidly 
than they are being consumed, and it may well be that, with 
improved methods of prospecting, this will continue for some 
time. More efficient methods of mining and drilling may well 
enable us to go further down into the bowels of the earth 
where there appears good reason to believe further sources 
of coal and oil will be found. 

Nevertheless, this is not the crux of the problem. There 
seems to be good cause for assuming that the store of coal and 
oil in the world is not very large compared with the require- 
ments. Sooner or later these stores will be exhausted, perhaps 
in 100, perhaps in 500 years, at any rate in a period of time 
which is not great as history goes. If we think, as most of us 
probably do, in terms of many thousands of years of civilized 
humanity, our descendants will clearly be forced, in due 
course, to emancipate themselves from oil and coal. No doubt 
they will have found ways of using these materials more 
economically, of putting to a useful purpose a much larger 
fraction of the energy contained in them. But all the same, 
according to most existing theories, it has taken nature a much 
longer time to produce our fuel than we have taken to use it 
up. The stores of coal are not being replenished, as far as 
we know, and the formation of oil in the present stage of the 
earth's history is a controversial question. 

It appears sensible to assume that man's ingenuity will find 
and use other forms of energy and we shall naturally ask, 
where are these sources and what do they consist of? 

Perhaps the consideration of water power will provide us 
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with a possible clue. It is not asserted, nor is it in the least 
probable, that water power will eventually replace coal and oil. 
Even the fullest utilization of the world's water power, accord- 
ing to our present technical level, would not provide sufficient 
power to cover what we may guess are our future needs. No 
doubt, water power will be utilized to an increasing degree, 
but it will remain only one of man's sources of power. 

However, water power has one advantage which coal and 
oil have not. It is not being used up. Our rivers and water- 
falls flow year in, year out without noticeable change. Though 
rivers change their courses and waterfalls may dry up, yet 
these changes are very slow and there is no adequate reason to 
believe that the total amount of water power available in the 
world will be different in a thousand years' time from what it 
is to-day. All the energy of water that we use this year will be 
replaced next year by evaporation of our seas and lakes caused 
by the rays of the sun. Water is not a wasting asset. 

There is reason to believe that mankind will grasp this fact 
and draw the necessary conclusions from it. We live and learn, 
as they say, and the more we learn about the world in which 
we live, the more we are able to live in harmony with our 
surroundings. A few hundred years ago, we cut down our 
woods and destroyed our forest land to secure timber, with 
dire results to our land fertility, and we created deserts out 
of fruitful countries. To-day we have learned the principles of 
forestry and are maintaining our timber stocks by scientific 
afforestation. Will we learn to do the same with our reserves 
of energy? We can think of harnessing the winds and the 
tides, and indeed steps are being taken and contemplated in 
this direction. But apart from these 'everlasting' sources of 
power, we have that interesting chlorophyll reaction which 
we discussed in Chapter Three, and which produces all our 
vegetation and varied plant life. All over the world, but 
particularly in the tropical countries which to-day are economic- 
ally backward, tremendous quantities of cellulose and other 
vegetable matter are being produced every year and wasted. 
Is it not possible to make good use of all this organic matter 
as a fuel and a source of power? Millions of tons of weeds 
grow and rot every year. True, they produce a natural fertilizer 
which is of some consequence for the soil ; but they can produce 
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more than this. It is quite possible to conduct the decay of 
waste vegetable matter in an organized way and produce, 
apart from fertilizer, combustible gases which can be used for 
heat and power generation. Already the disposal of sewage is 
carried out in this way in many big towns and the evolving 
gases are utilized for driving engines and even transport 
vehicles. There is great scope for development here, especially 
in countries with a warm, moist climate and plenty of sunshine. 

It is probable that man will, in due course, organize his 
power production in greater harmony with the natural se- 
quence of its production and will tend in time to use the energy 
as it comes in from the sun from year to year, rather than 
seize the capital that has been deposited in bygone ages. 
This would, no doubt, make for stability in world economy 
and, at the same time, provide ample scope for the develop- 
ment of the backward countries. 

It is, of course, conceivable that our descendants will 
pursue the opposite course and rely on the utilization of 
nuclear energy in a system of industrial atom-smashing. 
There is no doubt that sufficient energy is potentially available 
in this form to last humanity through many millennia without 
making the earth appreciably smaller than it is. No doubt 
this energy form will eventually find its way into our technique. 
But it is improbable that it will become the main source of 
power. Technical, economic and philosophical trends appear 
rather to point the other way and we can well imagine our 
descendants shaking their heads in wonder on hearing that 
their ancestors sent 700,000 men down into the bowels of 
the earth in Britain alone to search for 'black diamonds' to 
fire their boilers. 

More important, perhaps, than these speculations on the 
distant future are the present problems of fuel and power. 
Whatever may be the demands in subsequent centuries, they 
are sufficient to-day to cause the gravest concern to our 
technical, economic and political leaders. The present con- 
ditions in our mining industry call for radical changes; our 
oil-refining industry is quite inadequate; the utilization of our 
meagre water resources is by no means up to the mark. Even 
with our present scientific knowledge and technical capabilities 
much can be done to meet our requirements, and much will 
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have to be done to preserve even that modest degree of well- 
being that we have been able to achieve in the past. 

This book has not attempted to provide solutions for the 
many problems facing us. It will have served its purpose if it 
has given some readers an impression of the scope of these 
problems and helped them to understand the role that energy 
plays in their own lives and in the civilization of which they 
form a part. 
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APPENDIX 
Some Technical Terms 

This list contains some of the more technical terms used in 
this book. The words are all explained in the text, but the 
list may be useful for reference. 

AMP. (or AMPERE) : Unit used to measure the strength of an 

electric current. 
BARREL: A barrel of oil contains 42 American gallons or 

35 of the Imperial gallons used in Britain. 
B.T.U. : A B.T.U. or British Thermal Unit is the amount of 

heat required to heat a pound of water by 1 F. 
CARBON : A chemical element. One of the main constituents 

of all fuels. 
CARBONIZATION : Treatment of coal by heating it to a high 

temperature while excluding all air, thereby producing gas 

and coke. 
ELECTRON: A very small, electrically charged particle; one 

of the parts of an atom. 
ENERGY : The capacity to do work. 
FOOT-POUND: The work done in lifting a pound weight 

through one foot. 
GASIFICATION : Treatment of coal by heating it in a stream of 

air with or without steam, thus turning the whole of the 

coal into gas. 
GRID : A system of electric cables connected together through 

the whole country for the distribution of electricity from 

a number of power stations. 
HORSE-POWER: A power of 550 foot-pounds per second. 

Supposed to be the power of a horse with 50 per cent to 

spare. 
HYDROCARBON: A chemical compound consisting only of 

carbon and hydrogen. 
HYDROGEN : A chemical element, normally a very light gas. 
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HYDRO-ELECTRIC POWER: Power produced in the form of 
electric energy from water power. 

INERTIA : A natural force tending to prevent things from being 
set in motion or being stopped when they are moving. 

INTERNAL COMBUSTION ENGINE : An engine in which the fuel 
is burned inside the cylinder. 

KILOWATT: Electric unit of power. 1 kilowatt = 1'34 horse- 
power. 

NUCLEUS : The inside core of an atom. 

OXYGEN: A chemical element, normally a gas, which com- 
bines with carbon and hydrogen in the combustion of fuel. 

RADIOACTIVITY : The ability of some elements to emit certain 
rays and particles spontaneously. 

RECIPROCATING ENGINE : An engine in which a piston moves 
to and fro in a cylinder. 

TURBINE : An engine in which a rapidly moving jet of steam, 
gas or water sets a wheel or drum in motion by impinging 
on vanes or blades at its edge. 

VOLT: A unit which measures that property of an electric 
circuit which corresponds to the 'head' of water in a pipe- 
line. 

WATT : Electric unit of power. 1 watt = 1 volt x 1 amp. 
1,000 watts = 1 kilowatt. 

WORK: Mechanical work is defined as moving something 
through a distance against an opposing force. 
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briefly in this book. 
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